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ABSTRACT 
 
Photo- and thermo-oxidative degradation of several dyes, additives and pure 
cellulose paper, were examined mainly by photo-induced 
chemiluminescence (PICL) technique. The degradation levels were assessed 
based on free radical populations of irradiated samples. The chromatic 
alteration of the samples as a result of accelerated ageing treatments 
conducted in the study were carried out by measuring CIELAB parameters 
(L*, a*, b* and ΔE*) using spectrophotometry method. The chemical and 
physical changes of pure cellulose paper during accelerated ageing was 
characterised by ATR-FTIR and UV–visible spectroscopic methods. The 
spectra were focused between 1500–1900 cm–1, where the products of 
paper ageing appear in the form of various carbonyl groups. 
 
Dyes and additives may accelerate or inhibit photodegradation of materials 
by increasing or reducing free radicals. PICL intensity emissions of dyes were 
found to be dependent on the dye class and chromophore and do not relate 
to the lightfastness rating of dyes. Higher PICL intensity emissions than a 
control is associated with lower photostability of samples. The application of 
UV absorbers, Rayosan C on cotton and Cibafast W on silk, provided efficient 
photo-protection against the damaging effects of light. The application of the 
antioxidants, ascorbic acid on cotton and a combination of N-acetyl/oxalic 
 ii 
 
acid on silk provided effective photo-protection by reducing free radicals and 
inhibiting oxidation reactions. Doping fluorescein dye, eosin Y dye and a 
photoinitiator into methyl cellulose or ethyl cellulose polymer films 
successfully accelerated the photooxidation of these polymer films under 
visible light irradiation. Incorporation of these additives into polymer films, 
promote free radical oxidation, to enable rapid photo-oxidation of waste 
polymers in the environment. Study of photo- and thermal ageing of pure 
cellulose paper showed that colour and chemical changes depend on the 
type of ageing treatment carried out. Under the current experimental 
conditions, UVB ageing had the most contributors to colour and chemical 
change. However, free radical population of these samples was similar to 
unaged sample as detected by PICL technique. The ATR-FTIR transmission 
spectra showed a higher absorbance in the carbonyl range (1900–1500 cm–1) 
and at extended exposure stages, a shift of frequency vibrations from 1650 
cm–1 to 1730 cm–1 was observed, indicating the formation of carboxylic 
groups. Results from PICL experiments showed that free radical oxidation 
may not be the dominant factor contributing to the photodegradation and 
photoyellowing of cellulose paper. 
 
 
 1 
 
CHAPTER 1. Introduction 
1.1 Introduction 
Degradation of both natural and synthetic polymers occurs under the 
influence of environmental factors, such as light, temperature, moisture and 
pollutants and therefore limits their service lifetime. It is well known that 
light exposure is a serious threat to the degradation of polymeric materials, 
and damage is usually more pronounced in the ultraviolet regions than in the 
visible range. Photochemical reactions involving light radiation and 
atmospheric oxygen cause changes in chemical structure and loss of 
mechanical properties and lead to changes in physical properties of materials 
[1]. Common effects are discoloration, embrittlement, tackiness, loss of 
surface gloss and chalking of the surface [2]. These changes are usually 
undesirable. However, in the case of one-time-use polymers as plastic 
packaging, accelerated degradation is required to reduce environmental 
pollution. 
 
Differences in photodegradation behaviour are observed when materials are 
exposed to various wavelength ranges. Studies of activation spectra to 
investigate the yellowing and wavelength sensitivity of polyvinyl chloride 
(PVC) after exposure to a wavelength range from 266–473 nm have shown 
that an increase in degradation is observed as wavelength is decreased 
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below 400 nm [3-5]. Photoyellowing of PVC is largely due to wavelengths 
between 300 and 320 nm and photobleaching occurs at wavelengths longer 
than 410 nm [3, 6, 7]. Exposure of protein fibres to sunlight causes an initial 
photoyellowing as well as phototendering and degradation of the physical 
and mechanical properties of the fibres [8]. Direct sunlight which includes UV 
wavelengths down to 285 nm causes photoyellowing of undyed white fabrics 
and exposure to sunlight filtered through window glass can result in 
photobleaching [9]. Window glass transmits light above 350 nm (visible and 
blue light) and blocks UV light. Blue light (380–475 nm) is absorbed by yellow 
materials and can excite the chromophores, making them more reactive with 
oxygen which breaks down the conjugated chemical bonds and results in 
photobleaching. The understanding of wavelength sensitivity in material 
photodegradation is also a useful tool to control and measure the 
environmental conditions for museum exhibitions. Research in the areas of 
material conservation such as textile properties [10], instrument 
development [11] and colour fading [12] has provided guidelines for 
appropriate selection of light type, light filters and stabilisers, which limit the 
photodegradation of artefacts and museum collections. 
 
A better understanding of degradation mechanisms will help to develop new 
methods for the photo-stabilisation of materials and more effective 
stabilisers. It is apparent that the photo-stabilisation of materials is achieved 
by the retardation or elimination of some photochemical reactions. The 
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presence of stabilisers has been shown to enhance material durability. They 
can be applied as a pre- or post-treatment process. Light stabilisers are 
classed and named according to their protection mechanism and 
consideration of the sequence of events in polymer photooxidation. The 
major classes are UV absorber, UV screener, excited–state quencher, and 
free-radical scavenger [13-15].  
 
Analytical techniques that are used to assess and monitor material 
degradation provide information on the degree of degradation, the 
effectiveness of additive formulations and optimum conditions to extend 
material life. In order to understand and explain the degradation processes 
that occur in material samples are subjected to laboratory studies, outdoor 
exposure trials and artificial weathering or accelerated ageing under 
controlled conditions [14]. These evaluations aim to establish the modes of 
polymer degradation, especially on the chemical process of photooxidation, 
the behaviour of material degradation under different locations and 
climates, and the chemical stability or physical durability of materials. 
However, the evaluation process always involves prolonged exposure times, 
often between 102 and 104 hours in an accelerated weathering environment 
[16] or at least four years of outdoor weathering [17].  
 
The oxidative degradation of polymeric materials can be viewed on the 
molecular level as triggered by chemically reactive molecules such as free 
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radicals (R
•
, RO
•
 and ROO), and hydroperoxides (ROOH). The modification of 
the polymer properties due to exposure to sunlight or heat in the presence 
of atmospheric oxygen changes the chemical structure (double bond 
formation, chain scission, and crosslinking), results in degradation of the 
structure and mechanical properties and leads to significant colour changes. 
Crucial to the study of free radicals in polymer degradation is the ability to be 
able to measure free radical species and the products of free radical 
reactions. Electron spin resonance (ESR) is one technique which can be used 
for the detection and identification of free radicals formed in chemical 
reactions. It has been widely used in the examination of free radicals in 
chemistry and in well-defined biochemical systems [18].  
 
One of the constraints for using ESR is that most polymers have a glass 
transition (Tg) or melting (Tm) temperature close to room temperature and 
free radicals produced by exposure to UV generally have very short lifetimes 
at room temperature due to molecular mobility of the polymer, and hence 
are not directly observable by ESR [19]. Gerlock [20] doped polymer films 
with a nitroxide spin trap which resulted in formation of more stable, long-
lived radicals when the film was exposed to UV light. By varying the 
concentration of nitroxide in the film, the photoinitiation rate for undoped 
polymer was obtained via extrapolation. Binns et al. [21] developed a low 
temperature ESR technique to study free radical generated in polymer films 
during photolysis by UV light under nitrogen. Samples were cooled at 120 K 
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in flowing nitrogen and exposed to a high pressure Hg/Xe lamp with 300 nm 
cut-off filter for 2 hours. Results of service life of polymers were obtained 
within 2 hours.  
 
A simple method for studying free radical reactions in synthetic and 
biological organic materials is by using chemiluminescence (CL). It was first 
observed in 1961 by Ashby [22]. Oxidation of polymer and organic materials 
involving atmospheric oxygen is often accompanied by a low level of visible 
light known as CL [22, 23]. It originates from the bimolecular reaction of 
macroperoxy radicals which creates an excited carbonyl. The reaction has a 
very low quantum yield (10-8 – 10-5) but highly sensitive photon counters 
make CL detection from most polymers straightforward [24]. The principle of 
the CL method is the measurement of light emitted from samples during 
decomposition of peroxides and this has been developed to study polymer 
oxidation [25-27]. However, its application to the study of the 
photodegradation of materials has been very limited. 
 
A new technique, photo-induced chemiluminescence (PICL), to study the 
generation and decay of free radicals formed in materials following exposure 
to light and oxygen has been developed by Millington et al. [28]. This 
technique has been used in studies on fibrous polymers and proteins [28], 
photo-degradation of protein fibres [29], photostability of wool keratin 
doped with photocatalytic TiO2 pigment [30] and the effect of dyes on PICL 
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emission [31]. The advantage of PICL is that it is a very simple and quick 
technique that can also be used to study the effectiveness of additive 
treatments in reducing the free radical population. Results of the 
effectiveness of additive performance on fabrics can be obtained within 
fifteen minutes per samples [19]. 
 
This chapter will review previous studies related to the photodegradation 
and photostability of polymers. Discussions of the following areas will be 
considered in the context of this chapter. They include mechanism of 
photooxidation, stabilising approaches, techniques used to measure polymer 
degradation rates, techniques used to measure free radical populations and 
thermal chemiluminescence of polymers. A discussion on PICL as a main 
analytical technique used in this study will also be included.  
 
1.2 Degradability and durability of polymers 
Polymer degradation can be caused by heat (thermal degradation), light 
(photodegradation), ionizing radiation (radio-degradation), mechanical 
action, or by fungi, bacteria, yeasts, algae, and their enzymes 
(biodegradation) [32-35]. The deleterious effect of weathering on polymers 
generally has been ascribed to a complex set of processes which consider the 
combined action of UV light and oxygen. The overall light-initiated process in 
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the presence of oxygen generally is referred to as oxidative 
photodegradation or photooxidation [14].  
1.2.1 Photodegradation 
Photodegradation occurs by the activation of the polymer macromolecule 
caused by absorption of light energy by the polymer. A key principle of 
photochemical phenomena is the Grotthus-Draper law [36, 37]. This states 
that only the absorbed radiation can be effective in producing a photo-
physical process (e.g. molecular excitation) or photochemical change (e.g. 
bond dissociation) in that molecule. Light energy is absorbed in discrete 
amounts known as quanta or photons and is given by Equation 1.1, where h 
is Planck’s constant, v is the frequency of the absorbed light and λ is the 
wavelength.  
 
      
  
 
                                 Equation 1.1 
 
When a polymer molecule, A0, absorbs photons of light, it is activated to an 
electronically excited state, A*. The * symbol is used to indicate that this is 
an excited state with excess energy. The excited molecule may release its 
absorbed energy by dissipation to a longer wavelength as fluorescence, 
phosphorescence, or heat; or it may transfer it to another molecule, B0, 
during a collision, thereby returning to its ground state [37, 38]. 
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A*    A0  fluorescence or phosphorescence 
A*   A0  heat 
A*     B0   
      
        
  A0  B* 
 
When the absorbed energy is not dissipated by any of these photo-physical 
processes, it will initiate photodegradation. It is essentially the acquisition of 
energy and its loss through these principal ways that may be considered to 
be the primary process of photochemistry. 
 
The most significant factor in the weathering of polymers is light energy such 
as UV or visible light. Ultraviolet light of wavelength 280 to 380 nm causes 
the photodegradation of most polymeric materials. As a bond or group 
absorbs only quanta of specific energies, the photodegradation of materials 
is wavelength dependent and has been determined for a number of 
polymeric materials [39]. The absorption of the incident light takes place in 
the presence of chromophoric groups including carbonyls, carboxyls, 
peroxides and hydroperoxides. The effect is facilitated by the presence of 
oxygen and referred to as a photooxidation process.  
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1.2.2 Photooxidation  
Polymers containing C–C, C–H, C–O, C–Cl, C–N and C–P single bonds are not 
expected to absorb in the UV wavelength range [40]. For such polymers to 
degrade photochemically, a chromophore must be present. A chromophore 
might be an impurity which is chemically bonded to a polymer chain, either 
in the middle section, or at the end of a chain. Alternatively, a chromophore 
might be an impurity present as an occlusion and not chemically bound, but 
is contained within the polymer matrix. A typical example is catalyst residues 
introduced during manufacture of the polymer. Finally, a chromophore might 
be part of the polymer structure itself, such as double bonds or aromatic 
rings. It is via these chromophores that photodegradation reactions are 
initiated.  
 
The potential chromophores involved in the initiation of the photooxidation 
of polypropylene have been discussed by Carlsson et al. [41, 42]. The authors 
have concluded that of the many chromophoric impurities, the carbonyl and 
hydroperoxide groups were responsible for photooxidation during the early 
stages.  
 
The photooxidative degradation of most polymers can be described in terms 
of a combination of the following processes [43]: 
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i) Absorption of photons by chromophores resulting in electronic 
excitation  
ii) The breaking of some bonds by a fraction of the excitation energy 
to produce free radicals 
iii) Subsequent reactions of the free radical, frequently with 
atmospheric oxygen, in chain processes 
 
Carbonyl groups formed mid-chain, such as ketones, are generally the results 
of chain–branching reactions, whereas terminal carbonyl groups, such as 
aldehydes, are a consequence of β–scission. Ketones can undergo reactions 
resulting in cleavage near the carbonyl bond via Norrish type I (resulting in 
two radical species : acyl and alkyl) or Norrish type II (yielding a vinyl group 
and a ketone) reactions. The Norrish type I and II are shown in Scheme 1.1 
and Scheme 1.2 respectively.  
 
 
Norrish type I 
 
Scheme 1.1 
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Norrish type II 
 
 
Scheme 1.2 
 
 
Carbonyl species play an important role in photodegradation of polymers 
[44]. Carbonyls are chromophores and by absorbing UV radiation, the 
carbonyl can be promoted to an excited triplet state. This may be quenched 
by ground state molecular oxygen, resulting in a transfer of energy to the 
oxygen molecule, giving excited singlet oxygen. 1O2 will react with C-C double 
bonds present in most polymers to form hydroperoxide groups and 
contribute to the oxidative degradation of polymers [45, 46] as shown in 
Scheme 1.3. However, there is no unambiguous evidence that 1O2 is a 
significant factor [43] since the greater significance of the other degradative 
routes involving R
•
, RO2
•
, ROOH, RO
•
 have been established [47].  
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Scheme 1.3 
 
 
Clearly, oxygen, light energy, chromophores and unsaturation combine to 
result in oxidation. The absorbed UV light energy causes the dissociation of 
bonds, mostly C-C and C-H, by homolytic process to produce free radicals as 
the primary photochemical products. The introduction of these species 
during the polymerisation or the processing of the polymer and their further 
decomposition can be described by Bolland-Gee autoxidation mechanism 
[48]. 
 
1.2.3 Photooxidative mechanism 
The photooxidation of most polymers proceeds by a radical chain mechanism 
similar to that proposed by Bolland-Gee for rubbers and lipids [48] and 
widely applied to all types of polymeric materials. The mechanism of 
autoxidation involves initiation (formation of free radicals), propagation 
(reaction of free radicals with oxygen), branching (production of polymer 
oxy- and peroxy radicals and secondary polymer radicals, resulting in chain 
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scission) and termination (reaction of different free radicals with each other, 
resulting cross linking) [40]. The photooxidation degradation of most 
polymers is shown in the scheme below:  
 
Initiation 
 Polymer    P
•
 + P
•
           (1.4) 
 
Propagation 
 P
•
 + O2     POO
•
          (1.5) 
 POO
•
 + PH    POOH + P
•
         (1.6) 
 
Chain Branching 
 POOH     PO
•
 + 
•
OH         (1.7) 
 POOH + POOH    PO
•
 + POO
•
 + H2O        (1.8) 
 PH + 
•
OH    P
•
 + H2O         (1.9) 
 PH + PO
•
    P
•
 + POH          (1.10) 
 
Termination 
 P
•
 + P
•
             Non radical products        (1.11) 
 P
•
 + POO
•
            Non radical products        (1.12) 
 POO
•
 + POO
•
            Non radical products + O2   (1.13) 
 
The mechanism of autoxidation of polymer [49] 
 
 
 
hƲ 
heat 
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where 
PH = Polymer 
P
•
 = Polymer alkyl radical 
PO
•
 = Polymer alkoxy radical  
POO
•
 = Polymer alkylperoxy radical  
POOH = Polymer hydroperoxide 
HO
•
 = hydroxy radical 
 
 
1.2.3.1 Initiation 
The initiation reaction represents the primary formation of radicals. Primary 
alkyl radical (P
•
) are generated in the initiation process by the energy of heat 
or light, which are absorbed by polymer, resulting in the dissociation of a 
covalent chemical bond in the polymer.  
 
Most polymers are also sensitive to radiation at longer wavelengths, 
including sunlight. This is due to the unsaturated groups, for example C=0 
(carbonyl groups) and conjugated C=C, which may be present in the polymer 
structure as a result of synthesis, processing and thermal degradation of the 
material [33]. These groups can act as chromophores and can be the source 
of the initiation process. Another reason for the initiation of the 
photodegradation can be impurities such as catalysts, initiators and solvent 
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residues present in the polymer. Such impurities can absorb UV light and as a 
consequence radicals may be formed.  
 
1.2.3.2 Propagation 
The most important process in the propagation step is the reaction of a 
polymer alkyl radical (P
•
) with oxygen, which results in polymer peroxy 
radical (POO
•
) formation. In the next step a polymer peroxy radical abstracts 
a hydrogen atom from the polymer, and forms a polymer hydroperoxide and 
a new polymer alkyl radical: 
 
 P
•
 + O2     POO
•
          (1.5)
 POO
•
 + PH    POOH + P
•
         (1.6) 
 
Since hydroperoxides absorb in the near UV and cleave with a quantum yield 
close to 1.0, this group will usually be a significant chromophore [42]. It has 
been proposed that under the influence of ultraviolet radiation, polymers 
can form charge-transfer complexes with oxygen which are capable to 
increase the free radical concentration [14]. Because the production of 
hydroperoxides has a high activation energy, an increase in oxidation 
temperature will increase the rate of reaction (Scheme 1.6) and subsequent 
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yield of hydroperoxides, which results in an increase in the number of 
propagation cycles [50].  
 
1.2.3.3 Chain Branching 
Chain branching occurs when light absorbing impurities (such as POOH), 
undergo decomposition (photolysis and/or thermolysis) to produce alkoxy 
(PO
•
) and hydroxyl free radicals (Scheme 1.7). The radicals PO
•
 and 
•
OH can 
then initiate the free radical chain process via hydrogen atom abstraction.  
 
 POOH     PO
•
 + 
•
OH         (1.7) 
 
The homolytic decomposition of hydroperoxides (scheme 1.7) has a higher 
activation energy than the bimolecular decomposition of hydroperoxides 
(scheme 1.8) and is favoured at higher temperatures when decomposition 
can occur before two hydroperoxide groups have the opportunity to interact. 
However, bimolecular decomposition is favoured when hydroperoxides 
accumulate [51].  
 
 POOH + POOH    PO
•
 + POO
•
 + H2O        (1.8) 
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1.2.3.4 Termination 
Termination of the propagation cycle occurs when two radicals recombine to 
yield non-radical products (Schemes 1.11 to 1.13). When the oxygen pressure 
is high, the termination reactions occur almost exclusively by recombination 
of peroxy radicals (Scheme 1.13). If both peroxy radicals are tertiary then the 
reaction leads, via β-scission, to formation of two alkoxy radicals and 
molecular oxygen, or alternatively a molecule of oxygen and a peroxide 
linkage [52]. If the oxygen pressure is low, or the oxygen concentration is 
limited due to diffusion, then peroxy radicals also terminate with alkyl 
radicals forming crosslinks (Scheme 1.12) [49]. If this is the case the 
autoxidation becomes a function of oxygen concentration. If oxygen is 
absent, then the dominant reaction is presumed to be the termination by 
recombination of two alkyl radicals [49], which result in carbon–carbon 
crosslinked products (Scheme 1.11). However, if the oxygen concentration is 
intermediate then all three reactions will contribute to form products [53]. 
 
It can be seen that both formation of crosslinks and chain scission may occur 
in termination reactions. These reactions affect the mechanical strength and 
the chemical resistance of the polymer and may also lead to discoloration.  
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1.2.4 Photooxidation and stabilisation approaches 
Photooxidation produces embrittlement at the surface of polymer, which is 
the major cause of surface crazing and fracture in polymers and polymer 
films. The UV weathering of polymer can be controlled by the application of 
UV absorbers and light stabilisers. The photostabilisation of polymers 
involves the retardation or elimination of the various photophysical and 
photochemical processes that occur during photooxidation. A consideration 
of the sequence of events in polymer autoxidation, namely the absorption by 
the polymer to produce activated species followed by the photophysical and 
chemical conversion of these activated species, has been used to stabilise 
polymers against photooxidation [14]. Thus, four different classes of 
stabilising systems have been developed, namely ultraviolet screeners, 
ultraviolet absorbers, an excited-state quenchers and free radical scavengers, 
as discussed in a review by Allen et al. [15].  
 
The stabilisation of polymers against the detrimental effects of UV light and 
the improvement of photostability has been discussed in the literature [54-
58]. Andrady et al. [39] pointed out that the damage to polymers exposed to 
UVB radiation is generally intensity dependent. Pandey et al. [59] reviewed 
the mechanism of polymer degradation and stabilisation. The review 
described the pathways of polymer degradation and stabilisation, as shown 
in Figure 1.1. 
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Figure 1.1: Different pathways of degradation and stabilisation of polymer 
[59] 
 
Based on the pathway of polymer degradation shown in Figure 1.1, the 
initiation of polymer degradation involves the loss of a hydrogen atom from 
the polymer chain as a result of energy input from light. Following light 
absorption by carbonyls, double bonds, hydroperoxides or impurities 
(catalysts, initiators, and solvent residues) present in the polymer, highly 
reactive and unstable polymer free radicals are produced.  
 
If the initiation reactions cannot be eliminated, these radicals (RO
•
 and 
•
OH) 
can then start the free radical chain process via hydrogen atom abstraction 
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from the polymer backbone and initiate photodegradation of the polymer. 
Chain scission is thus an expected degradation reaction in polymers 
whenever alkyl (R
•
) or alkoxy radicals (RO
•
) are formed. 
 
To retard or eliminate photochemical processes at this stage, UV absorbers 
or UV screeners can be used. The mechanism of stabilization by UV 
absorbers involves absorption of UV light and a subsequent quick dissipation 
of absorbed energy in the form of harmless long wavelength radiation. In 
order to be effective, these stabilizers should have high absorption 
coefficients in the range of 290–400 nm. Since each UV absorber has its 
specific absorption spectrum, different combinations can be used for optimal 
efficiency. UV screeners protect a polymer by absorbing and reflecting the 
harmful UV light. Carbon black, titanium dioxide (TiO2), iron oxides (Fe2O3, 
Fe3O4), chromic (III) oxide (Cr2O3) and zinc oxide (ZnO) are examples of UV 
screeners [60]. 
 
 
Deactivation or quenching of excited states (singlet and/or triplet) of 
chromophoric groups can be applied to avoid bond scission. Usually the 
energy of the excited state is transferred to a quencher molecule which may 
dissipate the energy to a harmless form. Transition metal chelates can be 
used as quenchers [61].  
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The propagation of polymer degradation can involve a variety of reactions 
and one of these is where the free radical reacts with an oxygen molecule to 
form a peroxy radical (ROO
•
). ROO
•
 then abstracts a hydrogen atom from 
another polymer chain to form a hydroperoxide (ROOH) and a new polymer 
alkyl radical. Decomposition of hydroperoxides is presumed to take place as 
a result of energy transfer from an excited carbonyl or aromatic group to a 
hydroperoxide group. This leads to polymer oxy and hydroxyl radicals which 
will continue to propagate the reaction to another polymer molecule.  
 
To inhibit the propagation step in the photooxidation process, radical 
scavengers can be used. The most often used type of radical scavenger is the 
Hindered Amine Light Stabilizer (HALS).  
 
With a basic understanding of the complex problems resulting from polymer 
oxidation and ageing, products can be designed to assist with polymer 
stability. These products can be targeted for applications requiring short- or 
long-term durability, efficient and reliable performance. With appropriate 
polymer designs, the influence of environmental factors on polymer stability 
can be minimised. The mechanism of stabilisation of UV absorbers, UV 
screeners, quenchers and radical scavengers will be discussed in detail 
below. 
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1.2.4.1 Stabilisation approaches 
Light stabilisers may inhibit the photooxidative deterioration of polymers by 
either preventing the initiation of degradation or preventing radical 
propagation. As mentioned before, autoxidation of the polymer induced by 
photolytically generated radicals is a major contributor to the degradation of 
polymer. Photo-initiation can be reduced by preventing the damaging UV 
wavelengths from reaching the chromophores (i.e., acting as an UV absorber) 
or by promoting the deactivation of the excited chromophore (produced by 
UV absorption) back to the ground state (i.e., chromophore quenching). In 
this quenching process, the absorbed energy of the excited chromophore 
must be dissipated harmlessly by, for example, re-emission at longer 
wavelengths, so that subsequent damage to the polymer does not occur. 
Scavenging of free radicals produced during photooxidation (R
•
, RO
•
 or 
ROO
•
) will also inhibit photodegradation [62].  
 
1.2.4.1.1 UV absorbers/UV screeners 
The first possibility to interact with the photodegradation process is to 
reduce the rate of initiation; by reducing the number of photons absorbed by 
chromophores. This can be achieved by the use of additives acting as UV 
absorbers or UV screeners. UV absorbers are non-coloured products with 
elevated extinction coefficients in the spectral range approximately between 
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300 and 400 nm [63]. An effective UV absorber must display three important 
properties: i) absorb effectively throughout the near-UV region of the 
electromagnetic spectrum; ii) be UV-stable; and iii) dissipate the absorbed 
energy in such a manner as to cause no degradation or colour change in the 
medium it protects [64, 65]. The most common UV stabilisers are the 
hydroxybenzophenones, the hydrophenylbenzotriazoles, the 
hydroxybenzophenyltriazines and derivatives of diphenylacrylonitrile [14, 
60].  
 
UV screening is provided by pigments or by reflective coatings. The most 
effective pigment with respect to ultraviolet absorption is carbon black and is 
used to stabilise polyolefins, rubbers and other polymers [14]. TiO2 is another 
common additive which may act as a UV screener [66, 67] and may also act 
as polymer photosensitiser [68, 69] depending on the form. Rutile is 
commonly used in UV screeners and anatase in photosensitisers.  
 
In practice, a series of UV absorbers is used to protect material from 
degradation and to improve the lightfastness of coloured materials. A recent 
study [30] has shown that TiO2 nanoparticles (P-25 Degussa, mixture of 
anatase and rutile) doped into wool powder reduced the rates of 
photoyellowing and reduced the free radical population under UVA 
irradiation. A study by Oda [70] found that UV absorbers of the benzotriazole 
type, containing a nickel(II) sulfonate quenching group, can be applied as 
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effective stabilisers for triphenylmethane and xanthene dyes. Photoyellowing 
of wool fabric can be retarded by the application of a water-soluble 
hydroxyphenyl benzotriazole UV absorber [71] The level of protection is 
dependent on the concentration of the stabilisers and on the type of the 
polymer.  
 
In the conservation of artefacts, ultraviolet filters have been recommended 
as an effective means of protecting textiles from the photochemical effects 
of light [72, 73]. Due to the damaging effects of light on artefacts, light-
sensitive objects were only displayed under very low levels of lighting and 
limited lengths of exposure [74]. A study by Crews [75] showed that the 
application of UV absorbers of the benzophenone type reduced the fading of 
natural dyes. 
 
1.2.4.1.2 Excited state deactivation / quenching 
The second possibility of limiting the rate of photooxidation is the 
deactivation of the excited states of the chromophores in the polymer before 
they decompose photolytically to produced free radicals [13]. This can be 
achieved with quenchers of excited singlet and triplet states of impurity 
chromophores in polymers, as shown in Equation 1.2. D is a chromophore, 
such as a dye, pigment, carbonyl group or an absorbing impurity molecule.  
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D  D*  D + Q*     
 
Equation 1.2: Deactivation of excited states via quenching [14] 
 
If energy transfer to the quencher can compete with the decomposition of D 
into radicals and Q* can dissipate the excess energy harmlessly, then the 
system is stabilised. The energy can be dissipated either as heat or as 
fluorescent or phosphorescent radiation. Energy transfer can occur 
efficiently only if the energy level of the quencher is below that of the 
chromophore [15]. The most important quenchers are nickel chelates 
because of their low absorptivity in the region of 300 to 400 nm [43]. The 
photostabilising efficiency of these compounds has been found to be 
dependent on processing history and led to their use as chain-breaking 
donors [15, 76].  
 
1.2.4.1.2.1 Free radical scavengers / hydroperoxide 
decomposers 
The third possibility for reducing the rate of photooxidation is breaking the 
oxidation chain. As mentioned earlier, free radical species play an important 
(Quencher) 
   Q 
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role in initiation and propagation of the photooxidation reaction. The 
abstraction of a hydrogen atom from a polymer molecule will generate a free 
radical, and a reaction with oxygen will form a peroxide radical. The peroxide 
radical then may abstract hydrogen to produce the polymer hydroperoxide. 
These radical groups play a major role in accelerating and propagating 
subsequent degradation processes. To stabilise the system, additives which 
can scavenge active alkyl and peroxy radicals formed during oxidation are 
useful photostabilisers [77-79]. Nitroxides produced by both amine and 
aminoether derivatives of hindered amines light stabilisers (HALS) during UV 
exposure scavenge alkyl radicals to give a substituted hydroxylamines [43, 
80, 81]. This can be written as: 
 
 
NH    NO• 
 
 
NO• + R•  NOR 
 
Equation 1.3 
 
Substituted hydroxylamines in turn can react with peroxy radicals to destroy 
alkyl radicals and to regenerate nitroxides which are then returned to the 
radicals 
O2 
 27 
 
alkyl-radical scavenging pool [82]. Further radical scavenging by the 
substituted hydroxylamine has been suggested to explain the ability of 
nitroxides to scavenge many types of radicals.  
 
 
Equation 1.4 is suggested for peroxy radical scavenging with regeneration of 
the nitroxide [83]. 
 
 
RO2
•
 +      NOR’    NO• + ROOR’ 
 
Equation 1.4 
 
It has been suggested that an important factor in the HALS mechanism is its 
ability to associate and decompose photooxidation initiating species such as 
hydroperoxides (ROOH) [77, 84]. 
 
1.2.4.2 Pro-oxidants 
The presence of traces of foreign substances, such as metal ions, in a 
polymer has a pronounced effect on the degradation of the materials [85-
87]. Degradation reactions involving metal ions are shown in Scheme 1.14 
[88, 89].  
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Scheme 1.14 
 
There are various methods by which metal ions can be included in a 
polymeric material. The vast majority of commercially manufactured 
polymers contain metal ions as impurities from polymer catalysts [44] and 
these impurities accelerate material degradation [90]. Metal ions can also be 
deliberately introduced as pro-oxidants to accelerate oxidation [85, 91, 92]. 
Osawa [93] listed five different mechanisms by which a metallic compound 
may act as pro-oxidant in polymer. These reactions are an extension of the 
degradation reactions given by May and Bsharah [89] involving metal ions as 
shown in Scheme 1.14.  
 
Mechanism 1- Catalytic decomposition of hydroperoxides 
Metal ions can react with hydroperoxides to produce free radicals, according 
to following reactions: 
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Scheme 1.15 
 
Mechanism 2- Direct reaction with the substrate 
This results in the production of free radical. 
 
 
Scheme 1.16 
 
Mechanism 3- Activation of oxygen 
Transition metals may interact with oxygen to produce a charge transfer 
complex, which can then create hydroperoxy radicals which may react with 
the polymer.  
 
 
Scheme 1.17 
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Mechanism 4- Decomposition of a metallic compound 
Energy can initiate the decomposition of a metallic compound to produce a 
free radical, which can then go on to react with the polymer. 
 
 
Scheme 1.18 
 
Mechanism 5- Photo-sensitising action 
An electron in the metal’s outer shell may be promoted from the ground 
state to an excited state by the absorption of radiation. Subsequent transfer 
of energy to the polymer molecule upon relaxation induces a radical. 
 
 
Scheme 1.19 
 
The last reaction type involves semi-conductors such as TiO2 and is often 
called semiconductor photocatalysis.  
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1.3 Characterisation techniques of degraded polymers  
There are various approaches employed by polymer researchers to explore, 
visualise and quantify the physical and chemical aspects of polymer 
degradation. The applicability of a characterisation technique to a given 
problem is determined by the nature of the information that is sought. 
Empirical methods are often used where collections of data derived from few 
methods are used as a conclusion. For instance, in order to determine the 
effectiveness of additive performance, samples are exposed to radiation 
sources and mechanical and physical characterisation – for example tensile 
strength, elongation, chromatic alteration, surface gloss of the samples are 
measured. Alternatively, a few other methods which provide surface and 
chemical characterisation of degraded polymers can be used. e.g. Scanning 
Electron Microscopy (SEM), Nuclear Magnetic Resonance (NMR) FTIR 
Spectroscopy and x-ray photoelectron spectroscopy (XPS).  
 
1.3.1 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy (SEM) gives morphological and topographical 
information on solid surfaces and can be used to examine the surface of 
degraded polymers [94-96]. SEM works by focusing samples with an electron 
beam. The shorter wavelength of electrons creates better resolution than 
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using optical microscopy. Thereby pictures of samples with higher 
magnifications can be recorded [97].  
 
However, SEM specimen preparation involves various steps that can easily 
distort the integrity of the specimen. The basic steps involved in SEM sample 
preparation include surface cleaning, stabilizing the sample with a fixative, 
rinsing, dehydrating, drying, mounting the specimen on a metal holder, and 
coating the sample with a layer of a material that is electrically conductive 
[97]. One of the drawbacks to SEM is it can lead to sample damage. The 
interaction between the incident electron beam and the sample can often be 
destructive to the material being viewed [98]. 
 
1.3.2 Nuclear Magnetic Resonance (NMR) 
Nuclear Magnetic Resonance (NMR) is an analytical method that makes use 
of the fact that nearly all molecules contain magnetic nuclei and can 
therefore be detected in a strong magnetic field when irradiated with a 
specific radiofrequency. NMR was discovered in 1945 [99, 100] and since that 
time intensive research has resulted in improved knowledge and 
development of high resolution commercial equipment applicable for a wide 
range of disciplines. 
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NMR can be used to determine the properties of a degraded polymer sample 
on a molecular scale, yielding information regarding carbon hybridization 
[101], chain scission and cross-linking phenomena [102], polymer chain 
mobility [103] and morphology [104].  
 
1.3.3 Fourier transform infrared Spectroscopy (FTIR) 
Vibrational spectroscopy is a widely used technique to quantify and identify 
chemical functionality and structure in polymers [105, 106]. Absorbance of 
electromagnetic radiation in the infrared spectra is generally studied 
between 4000 and 500 cm–1 (wavenumbers) (mid-range FTIR) and is related 
to changes in chemical vibrational and rotational energy levels. Specific IR 
reflectance techniques may be divided into the areas of transmission, 
external reflectance, diffuse reflectance (DRIFT), and internal reflectance 
[107]. The latter is often termed as attenuated total reflectance (ATR) and 
was used as a complimentary technique to study the characterisation of 
paper ageing which will be discussed in Chapter Five of this research project. 
FTIR spectroscopy can be used to determine chemical changes in polymers 
during weathering. Peaks that appear on the spectra can be assigned to 
specific bond vibrations [108].  
 
 34 
 
1.3.3.1 Attenuated Total Reflectance FTIR (ATR-FTIR) 
Attenuated Total Reflectance (ATR-FTIR) measures the infrared spectrum of  
the near surface layer of solid materials [109] and has demonstrated 
suitability to the investigation of changes in surface structure of polymer 
films [110, 111] and cellulose [112, 113]. ATR-FTIR is well known as a surface 
characterisation and depth profiling technique [114-117] and has the 
advantage of being applicable to thick films and opaque solutions [118, 119]. 
ATR-FTIR is based on total reflection of the incident IR radiation at the 
surface of an internal reflection element (IRE). Total reflection occurs for 
angles of incidence of the radiation greater than a certain critical angle, θc, 
and is given by [119]: 
 
 sin  c  
  
  
 
Equation 1.5  
 
where: 
   = lower refractive index 
  = higher refractive index 
 
With the help of ATR-FTIR spectroscopy, both qualitative and quantitative 
analyses of samples can be carried out over wide spectral ranges and with 
little sample preparation. Also, the ATR technique is useful for analysing thick 
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samples having high absorption coefficients, because normal transmission IR 
spectroscopy would fail under such circumstances due to the longer path 
length of the IR beam through the strongly absorbing sample. The primary 
advantage of ATR-FTIR is that it allows investigation of surfaces and 
interfaces whereas the major signal contribution for conventional 
transmission and external reflection IR techniques results from the probed 
bulk structures. Chemical composition, layer structure, diffusion, adsorption, 
chemical reaction monitoring, orientation and physical state of surfaces are a 
few types of analyses that can be accomplished by ATR-FTIR. One possible 
drawback for ATR-FTIR is in obtaining consistent contact efficiency between 
the material and the internal reflecting crystal [14, 120] and samples need to 
be measured for long periods.  
 
1.4 Methods of studying free radicals 
Polymer degradation occurs via main-chain scission and cross-linking, both 
phenomena involving a free-radical chain reaction character and taking place 
simultaneously in a competitive way. A free radical is defined as an atom, a 
group of atoms or a molecule containing one unpaired electron. Free radicals 
are usually very reactive and their unpaired electrons have a strong tendency 
to interact with other electrons and form electron pairs. Free radical 
processes clearly dominate the photo- and thermo-oxidative degradation of 
 36 
 
polymers. However, methods for studying these processes in the 
photodegradation of materials have been limited.  
 
1.4.1 Electron Spin Resonance (ESR) 
Free radicals can be observed by using electron spin resonance (ESR) which 
has a long history of applications in polymer chemistry [121]. It has been 
reported to be one of the most direct and sensitive methods for detecting 
free radicals [122]. The drawback of ESR is the short lifetime of the primary 
radicals and in most cases, the sensitivity of ESR spectroscopy is insufficient 
for direct detection [123]. This challenge may be overcome by techniques 
such as rapid freezing, lyophilisation (freeze drying), continuous flow systems 
or by the use of spin traps [124]. Spin traps can react with these short-lived 
radicals, producing long-lived radical adducts [125].  
 
Spin traps are a group of substances that react with radicals to form stable 
radical compounds (spin adducts) that are detectable by ESR. Rånby and 
Rabek [121] have reviewed this method, in which free radicals are trapped by 
nitrones or nitroso compounds to produce nitroxyl radicals—spin adducts. 
The mechanisms of action and reactivities of free radicals of inhibition are 
diagnostic parameters for the identification of the radical spin-adduct 
formed. Kruczala et al. [126] used ESR to follow the spatial variation in the 
nitroxide free radical formation in a HALS Tinuvin 770: bis(2,2,6,6- 
 37 
 
tetramethyl-4-piperidinyl) doped into propylene-ethylene copolymer in the 
temperature range from 100–433 K. Oxidation was carried out for 107 days 
at 393K before the nitroxide free radical could be detected. The main 
drawbacks of the trapping technique are the spin adduct instability, the 
inability to resolve a mixture of structurally similar spin adducts by ESR and 
the need for high concentrations of spin traps due to low rate constants for 
the trapping reaction [127].  
 
Although much information can be derived from analytical techniques 
discussed earlier, none of them are without limitations. Clearly, the 
development of a technique that allows non-destructive, real-time 
monitoring of free radicals in polymers would be of benefit for analysing 
polymer degradation, especially in regards to time-course measurements.  
 
1.5 Chemiluminescence from polymers 
Luminescence is the general term used for the emission of light in the visible 
light region from an electronically excited substance. Fluorescence and 
phosphorescence result from excitation by light and triboluminescence is a 
result of mechanical excitation while chemiluminescence (CL) originates from 
chemical reactions [128]. Polymer chemiluminescence was first observed in 
1961 by Ashby [22] when he reported that light was emitted from polymers 
heated in air. Because of the relationship between light and oxidation the 
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term oxyluminescence was used. He concluded that oxygen had to be 
present for light emission to occur and that the light intensity was in fact 
proportional to the concentration of oxygen present. Such luminescence is 
now commonly referred as chemiluminescence (CL) and has been observed 
for numerous polymers. CL has been used to determine the chemical and 
physical properties of solid polymers during degradation and the stability of 
coatings [23, 25-27].  
 
1.5.1 Chemiluminescence measurements 
Most polymers emit chemiluminescence (CL) when they undergo oxidation 
and CL occurs from the decomposition of peroxides and hydroperoxides 
[129]. With an imaging CL instrument, this weak emitted light can be 
detected and this has now made it possible to determine the oxidative 
stability of polymer formulations [130-132]. The CL intensity is a function of 
the oxidation species involved in polymer degradation and can be measured 
quantitatively using a CL technique.  
 
To conduct CL measurements, the chemical reaction must be exothermic. 
Several mechanisms capable of generating the energy required to populate a 
carbonyl triplet state, which is at least 290–340 kJ mol-1 have been suggested 
[133, 134]. Direct homolysis of hydroperoxide [135, 136], disproportion of 
alkoxy radicals [137] and β-scission of alkoxyl radicals [138] are all sufficient 
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exothermic. The most widely accepted mechanism is the highly exothermic 
(460 kJ mol-1) bimolecular termination of primary or secondary alkyl peroxy 
radical by the Russell mechanism [139, 140]. The termination reaction of 
alkyl peroxy radicals as proposed in Russell mechanism, yields an excited 
carbonyl, an alcohol and singlet molecule oxygen and generates more than 
400 kJ mol-1 [141-143]. The excited state carbonyl species may give rise to 
light emission when it decays to the ground state [139, 140].  
 
A review by Matisová-Rychlá and Rychly [144] summarises the variety of 
possible chemical and physical pathways leading to the appearance of light 
from thermal oxidation of polymers. Studies have suggested that the 
mechanism for CL involves peroxide groups or radicals that are produced 
during peroxide decomposition [25, 145, 146]. The CL emission also 
decreased with treatment of a peroxide-scavenging agent, indicating that the 
emission resulted from hydroperoxides [147].  
 
The CL intensity, ICL, is proportional to the rate of the luminescence reaction 
RCL. A general expression relating ICL to RCL is shown in Equation 1.6 [148]. 
 
   ICL = G CLRCL 
Equation 1.6 
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Where: 
ICL = Measured CL intensity 
G = Geometric factor 
 CL = Overall efficiency factor for the formation and emission 
of excited species 
RCL = rate of luminescence 
 
Because ICL changes with time it is common to plot curve of ICL versus 
reaction time [133] as displayed in Figure 1.2. 
 
 
Figure 1.2: Schematic drawing of ICL versus reaction time 
 
The application of chemiluminescence to the study of polymer oxidation has 
been reported. Corrales et al. [149] studied the thermal activity of a series of 
nano and micron particle grade anatase and rutile titanium dioxide pigments 
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in monomodal metallocene polyethylene using the CL method. Under a 
nitrogen atmosphere at 170°C, all of the samples exhibited very low intensity 
of chemiluminescence emission which indicated lower hydroperoxide 
content. In the presence of oxygen, the titanium dioxide acts as catalyst for 
polymer oxidation as the chemiluminescence emission was enhanced for all 
the titania pigments.  
 
Setnescu et al. [150] evaluated the oxidation susceptibility of various 
polyolefins including low-density polyethylene (LDPE), linear low-density 
polyethylene (LLDPE), high-density polyethylene (HDPE) and isotactic 
polypropylene (i-PP) using the CL method in an inert atmosphere. The 
thermal stability of i-PP at 170°C indicated that i-PP is more susceptible to 
oxidation than the polyethylene polymers. They suggested the following 
stability order at 170°C in oxygen: HDPE > LLDPE > LDPE  i-PP. 
 
The CL technique may help us to understand the degradation of polymers 
involving decomposition of degradation species. Generally, the studies 
involve the thermal activity of polymer and additive performances. Although, 
CL has been widely used to evaluate the stability of polymers and the 
effectiveness of additives, it has seldom been applied to the degradation of 
natural polymers.  
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1.6 Thermal chemiluminescence of polymers 
Most CL studies focused on thermal degradation of polymers [151-153] 
which involves the heating of a sample followed by the measurement of CL 
emission. TCL is the thermally stimulated emission of light that follows 
previous absorption of energy from heating. It is distinguished from 
photoluminescence phenomena, such as fluorescence and phosphorescence, 
by its ability to emit light upon heating long after irradiation [154-156]. TCL 
usually involves two modes, isothermal and non-isothermal. In the 
isothermal mode, the polymer sample is held at a constant temperature in 
air or oxygen and the emitted light is collected by a photomultiplier and 
photon counter and the count rate displayed as a function of time of 
oxidation. In non-isothermal or dynamic mode, the evaluation will be 
performed as chemiluminescence intensity–temperature runs in 
temperature cycles (using a temperature ramp).  
 
Chemiluminescence accompanying the thermal oxidation of polypropylene 
(PP) shows a typical sigmoidal increase of light emission with time, which is 
assumed to originate from the recombination reaction of peroxy radicals 
[157]. Therefore, it is usually related to the rate of hydroperoxide 
decomposition provided that this reaction is responsible for initiation of 
oxidation. The origin of TCL during oxidation is shown Scheme 1.20.  
.  
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Propagation 
P• + O2   POO
•      (1) 
POO• + PH   POOH + P•     (2) 
 
CL emission 
POO• + POO•  P'2C=O* + P"OH +O2   (3) 
POOH    [PO• + •OH]  P'2C=O* + H2O (4) 
P'2C=O*   P'2C=O + hvCL    (5) 
2POOH   POO• + PO• + H2O + hvCL   (6) 
P
•
 = Primary carbon-based polymer radicals 
Scheme 1.20: TCL during polymer oxidation [158] 
 
 
Polymer oxidation occurs via autoxidation as discussed in Section 1.2.3. This 
chain reaction can be initiated by various factors such as heat, oxygen, UV 
light, humidity, and mechanical stress. The first step of the polymer 
degradation process is the formation of polymeric alkyl radicals and their 
reaction with oxygen, to form peroxy radicals (POO•) and hydroperoxide 
(POOH), reactions (1) and (2). The emission of light may occur from the 
excited carbonyl groups generated via reaction (3) and (4), usually in the 
region near 415 nm. For some polymers, the light emission may include a 
contribution from singlet oxygen dimol emission at 634 and 703 nm [158, 
fast 
hv or Δ 
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159]. The bimolecular termination reaction of two peroxy radicals via 
reaction (3) has a smaller activation energy (ΔE = 12kJ/mol), being strongly 
exothermic in comparison with the other reactions. This bimolecular reaction 
promotes ketones product to its lowest triplet state and the radiative 
deactivation gives CL emission in the visible region [160]. The generation of 
peroxy radicals depends on the peroxide concentration, and the CL emission 
can be related to the hydroperoxide content [148]. 
 
The oxidation of stabilised polyolefins has been studied by CL in both oxygen 
and nitrogen atmospheres. Catalina et al. [161] investigated the stability of 
phenolic antioxidants in PE with CL in an inert atmosphere and made 
iodometric measurements of the concentration of titratable peroxides in the 
material. Chemiluminescence decay rates were proportional to the rate of 
reaction of peroxides. Millington et al [162] reported TCL of fibrous proteins 
in the solid state in oxygen and nitrogen atmospheres in the range 40–220°C 
for the first time. TCL emission was observed in oxygen and weaker emission 
in nitrogen. The fibrous proteins show a peak near 130°C due to protein 
hydroperoxides similar to that observed in many synthetic polymers. 
Konoma et al. [163] studied CL from the thermal and photooxidation of 
several wood pulps in air, using a heating rate of 2°C/min, in the range 40–
184°C. The CL emission reaches a maximum intensity at 184°C and is 
considered to be due mainly to excited carbonyl groups and singlet oxygen 
generated via oxidation. The maximum CL peak of cellulose at 85°C during a 
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dynamic experiment in nitrogen can be attributed to the decomposition of 
presumed charge-transfer complexes between oxygen and hydroxyl and/or 
ether groups and at the peak at 135°C can be attributed to the 
decomposition of peroxide groups present in the sample [164].  
 
1.7 Photo-induced chemiluminescence 
When polymers undergo oxidative degradation they emit weak CL. Thermal 
studies suggest the peroxy radical (POO•) and hydroperoxide (POOH) as the 
origin of CL emissions, as discussed in Section 1.6. The mechanism for photo-
induced chemiluminescence (PICL) emission from polymers and fibrous 
proteins is shown in Scheme 1.21. It involves the formation of a population 
of primary free radicals P• when the substrate is irradiated in N2. These 
radicals remain stable and do not rapidly recombine immediately after 
irradiation. To avoid recombination, the radicals need to be able to physically 
move apart and their ability to move will be increased at higher 
temperatures. When O2 is admitted, these primary free radicals rapidly react 
to form peroxy radicals and hydroperoxides. Peroxy radicals and 
hydroperoxides are known to be the precursors for CL emission in polymer 
systems via equations (13)–(16), as shown in Scheme 1.21 [28].  
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Scheme 1.21: Reaction scheme for polymer oxidation and PICL emission after 
irradiation with UV light [28] 
 
With the development of an instrument to study the photo-induced 
chemiluminescence (PICL), photodegradation of wider ranges of materials 
can be examined in a shorter time under near ambient conditions [28]. A 
modification on a commercial TCL instrument to allow in situ sample 
irradiation under a controlled atmosphere at constant temperature is a novel 
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approach to the study of degradation of materials. The advantage of PICL is 
that it is a very simple and quick technique to study free radicals oxidation of 
materials compared to other method of studying free radicals, such as ESR. 
This technique can also be used to evaluate the effectiveness of additive 
treatments in reducing free radical populations.  
 
Gromek et al.[165] studied the detection of PICL intensity on silk and paper. 
The study found that oxidation from a single photographic flash on silk and 
paper can be detected using the PICL technique. This shows that the PICL 
technique is extremely sensitive and can detect deterioration from a single 
photoflash. However, it was believed that the signal detected in their study 
was probably photoluminescence phenomena, such as fluorescence due to 
the very short time scale (in milliseconds) observed.  
 
Information gathered from PICL analysis can be used to develop suitable 
stabilisation treatments, determine the level of sensitivity to light and to 
develop the appropriate exposure conditions to ensure minimal degradation 
of artefacts in museum environments. This data will provide information to 
conservators, in evaluating the effects of incidental light exposures on the art 
and archival materials in museum collections.  
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1.7.1 PICL instrument 
The Lumipol 3 is a commercial photon counting instrument supplied by the 
Polymer Institute of the Slovak Academy of Sciences, Bratislava, Slovakia, and 
is normally used to measure the thermal chemiluminescence of solid 
materials. A design modification was carried out to allow in situ sample 
irradiation under a controlled atmosphere at constant temperature and is 
shown in Figure 1.3. 
 
 
Figure 1.3: A Lumipol 3 instrument linked to a Lumatec light source for PICL 
studies 
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Selected wavelengths in the range 320–700 nm enters the Lumipol 
instrument via a flexible liquid pipe (Lumatec Series 250, 5 mm diameter) and 
irradiates the sample via a 45° quartz prism built into the light pipe and 
positioned directly above the sample cavity. The wavelength setting can be 
set at filter 1 (400–700 nm), filter 2 (320–500 nm), filter 3 (400–500 nm), 
filter 4 (320–400 nm), filter 5 (415 nm) or filter 6 (440 nm).  
 
This technique requires a very small sample (8 mm in diameter), cut using a 
circular cutter. Sample is placed in a small aluminium pan located directly on 
top of the heating element (Figure 1.4).  
 
 
 
Figure 1.4: Aluminium pan for sample placement 
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To obtain a PICL signal on a sample, the sample is equilibrated in the 
instrument in a nitrogen atmosphere until a steady baseline is obtained. The 
sample is then exposed for a set period. In this research project, all samples 
were exposed for 2 minutes under irradiation of visible or UVA light. A large 
luminescence emission is observed immediately after irradiation, which in 
most cases decayed very rapidly, usually in less than 30 s. One minute after 
cessation of irradiation, the atmosphere is switched from nitrogen to oxygen, 
resulting in a burst of PICL that generally decayed far more slowly than the 
peak observed in nitrogen. Typical luminescence intensity against time plot 
for silk fabric using this protocol is shown in Figure 1.5. A spectral analysis of 
the Lumatec source was carried out using a Solatell Sola-Scope 2000 
spectroradiometer (Solatell Ltd., Croydon, UK).  
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Figure 1.5: Luminescence from silk fibroin at 40 °C exposed to UVA radiation 
for 30 s in N2. One minute after conclusion of irradiation, the atmosphere 
was changed from N2 to O2 to generate PICL [28] 
 
 
This new technique has been used to study wool photodegradation [29], the 
photostability of wool keratin doped with TiO2 pigment [30] and the 
influenced of dyes on free radical populations [31]. The PICL technique is also 
used to monitor the effectiveness of additive formulations. This includes the 
additive’s ability to promote or prevent free radical oxidation [24, 166]. This 
sensitive technique can also be used as an early indicator of material 
degradation [19]. A study on the doping of ethyl cellulose with a 
photoinitiator or a UV absorber used the PICL technique to demonstrate the 
relative populations of free radicals in irradiated polymers and the effects of 
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different additives [24]. The PICL intensity and decay profiles for ethyl 
cellulose films, doped with photoinitiator or UV absorbers, are shown in 
Figure 1.6.  
 
 
Figure 1.6: PICL from ethyl cellulose films doped with photoinitiator or UV 
absorber and exposed to UVA radiation at 40°C for 30s in N2 [24] 
 
PICL intensity is proportional to the concentration of peroxy radicals and 
reactive hydroperoxides presents in an irradiated sample, so therefore this 
technique can be used to study the photochemical processes involved in 
material photodegradation. Higher PICL intensity than a control sample 
indicates a higher free radical population, therefore a higher degree of 
degradation. This technique can be used to evaluate additive performance in 
polymers to prolong their active life during sunlight exposure. In the case of 
short-lived packaging materials, PICL can be used to monitor the 
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effectiveness of additives that can promote free radical oxidation, to enable 
rapid photooxidation of waste polymers in the environment by sunlight. 
 
The PICL technique has been successfully used to study material degradation. 
The free radical population can be detected using the PICL technique at 
ambient temperature. The major advantage of the PICL technique is that it is 
a simple and sensitive technique which allows early detection of polymers 
degradation. 
 
1.8 Summary 
Studies in material degradation usually involve accelerated-ageing 
experiments that measure the potential long-term serviceability of materials. 
The studied materials are evaluated for their resistance to environmental 
factors. These experiments led to the detection of deterioration of materials 
and from the data hypotheses about the mechanisms involved in the 
degradation process can be proposes. More importantly, data obtained from 
degradation experiments provides information for the selection of 
appropriate additives designed to maximise the life of materials. It has been 
established that the oxidative degradation of polymers is radical–based, 
whereby the formation of carbon–centred radicals leads to hydroperoxides, 
resulting in degradation products. Therefore by controlling the radical 
population, the rate of degradation can be reduced.  
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The degradation of polymeric materials is caused by exposure to various 
factors such as heat, UV light and mechanical stress and promoted by 
oxygen. The photooxidation of most polymers proceeds by a radical chain 
mechanism similar to that proposed by Bolland-Gee [48] and widely applied 
to all types of polymeric materials. The mechanism of polymer degradation 
involves simultaneous formation and decomposition of hydroperoxides. The 
free radicals are initiation sites for subsequent reactions in polymers. 
Degradation processes involving free radicals can be detected by electron 
spin resonance spectroscopy (ESR). However, due to high radical mobility 
and reactivity, and rapid decay at normal temperatures, trapping techniques 
and low temperature ESR are used. Chemiluminescence (CL) is another 
analysis technique to study polymer oxidation and information can be 
directly obtained in a shorter time. Since the CL is proportional to the 
concentration of peroxy radicals and reactive hydroperoxides present in an 
irradiated sample, this technique can be used to study the photochemical 
processes involved in material photodegradation.  
 
The photo-induced chemiluminescence (PICL) technique has been developed 
to study free radicals in materials photodegradation. This technique has 
confirmed the presence of long-lived free radicals in some mterials as 
detected by ESR technique. PICL is a simple technique and can be used to 
determine the degree of oxidation under ambient conditions. The intensity 
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of PICL emission from an irradiated sample is correlated to the population of 
free radicals which is proportional to the rate of its photooxidation.  
 
1.8.1 Aim and scopes of study 
The main aim of this thesis was to examine the factors that contribute to 
photodegradation and free radical oxidation of materials. This research 
project used photo-induced chemiluminescence (PICL) as the main analytical 
technique to study materials degradation by measuring free radical 
populations from irradiated samples. Samples were subjected to accelerated 
degradation conditions prior to the PICL measurement.  
 
The scope of this research includes the effect of additive and dyes on PICL 
intensity and decay profiles. Several types of dyes were used to understand 
how dyes contribute to free radical populations and therefore 
photooxidation of coloured materials. The use of additives to promote or 
inhibit degradation of polymer films was also considered in the context of 
this study. The PICL technique was also used to study ageing characterisation 
of pure cellulose paper together with two other techniques, UV–visible 
spectrophotometry and FTIR spectroscopy.  
 
The first project examined the photostability of four commercial reactive 
dyes printed on cotton and silk fabrics to understand how dyes may affect 
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the photostability of materials. The lightfastness of textile materials is usually 
measured with blue wool standards (BWSs) using the ISO 105-B04 standard 
test method. However, BWS is an empirical test only and does not provide 
information on the photochemical processes that occur in the samples. The 
application of additives was made on fabrics to study their effectiveness in 
reducing free radical populations.  
 
The second project focussed on the effectiveness of Hindered Amine Light 
Stabilisers (HALS) and UV absorbers in reducing free radical population 
doped into polymer films. To ensure the photostability of polymer, the use of 
stabilisers can inhibit degradation to the polymer upon exposure to thermal 
and light energies. It has been accepted that photodegradation is triggered 
by the formation of free radicals by UV-irradiation. Therefore, this work 
aimed to study the effect of these additives on the intensity of CL emission at 
various doping levels, their synergism effect and to determine their 
effectiveness on the thermal and photo stability of polymer films. The free 
radical population is measured using PICL technique. 
 
The third project investigated the roles of xanthene dyes, metal ions and a 
photoinitiator in promoting photodegradation of polymer films. Plastic 
materials represent the largest volume of solid waste due to their relatively 
low density. The increased use of plastics and their negative impact on the 
environment have promoted research in the area of polymer degradation. In 
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this work, the degradation behaviour of ethyl cellulose and methyl cellulose 
polymer films containing xanthene dyes, metal ions and a photoinitiator 
under visible and UVA light irradiation were studied. PICL was used to 
evaluate additives and dyes as potential catalysts to promote polymer 
degradation via photooxidative processes.  
 
The characterisation of paper ageing was examined in the final project of the 
thesis. The degree of paper ageing was measured by using the PICL 
technique. It is believed that oxidative degradation involving free radicals 
leads to the deterioration of paper during ageing. The chemical compositions 
of aged paper samples were also studied using Fourier Transform Infrared 
spectroscopy (FTIR). Results from these experiments characterised the 
oxidative degradation of paper, which can then be used in the conservation 
of paper museum artefacts and archival objects. 
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CHAPTER 2. A PHOTOSTABILITY STUDY OF 
INKJET-PRINTED COTTON AND SILK FABRICS 
 
2.1 Introduction 
Photostability is the resistance of a material towards photochemical change 
on exposure to light. The absorption of ultraviolet and visible light by 
materials leads to material degradation. Research into the degradation of 
materials showed that ultraviolet light is a significant factor in the decay of 
many organic compounds. These studies included research in the 
degradation of textiles, dyes, polymer, paper, wood and museum artefacts 
[167-175]. Exposure of protein fibres to sunlight causes an initial 
photoyellowing, followed by phototendering and loss of the physical and 
mechanical properties of the fibres [176]. Exposure of undyed white fabrics 
to direct sunlight containing UV wavelengths down to 285 nm causes 
photoyellowing and exposure to sunlight can result in photobleaching [9]. 
Research on the light sensitivity of materials has led to a greater 
understanding of the mechanisms involved in the degradation process. 
 
The light stability of coloured material is significantly dependent on the 
colorant chosen. Colorant formulations used for inkjet printing of textiles can 
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be divided into two major classes: dyes and pigments. Dyes are classified into 
three broad classes: (a) anionic: direct, acid and reactive dyes; (b) cationic: all 
basic dyes; and (c) non-ionic: dispersed dyes. Reactive dye based inks are 
commonly used to inkjet print cotton and other cellulosic fibres [177]. Four 
main colour; cyan, magenta, yellow and black, are used for inkjet printing 
applications to print textual and graphic information onto a printing medium. 
 
Factors contributing to dye fading, such as dye characteristics, atmospheric 
conditions, irradiation wavelength, dye–fibre interaction and the presence of 
additives have been reported and discussed [178-181]. Other factors that 
influence dye photostability are the storage conditions of printed materials, 
the type of print medium used and the pH of the medium [182]. 
Understanding these factors that contribute to material and dye degradation 
is essential in order to develop suitable stabilisation treatments. 
 
The application of additives can be used to enhance the photostability of 
fabrics and dyes. The photoprotection of dyes and materials can be achieved 
by the chemical bonding of additives onto the dye molecules, additive 
coatings or by pre- or post-additive treatments [183-185]. A recent study by 
Becheri et al. [186] reported on the synthesis, characterisation and 
application of nano-sized zinc oxide particle on cotton and wool fabrics as UV 
absorbers. They found a significant improvement in the UV-absorbing activity 
in ZnO-treated fabrics. To ensure the conservation of museum artefacts and 
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archival objects, UV-protective coatings are applied on glass to protect 
collections from light exposure [187].  
 
Oxidation reactions occur when materials are exposed to sunlight or heat in 
the presence of atmospheric oxygen. When organic materials undergo 
oxidative degradation, they emit weak visible light known as 
chemiluminesence (CL). CL is emitted from the material as a result of 
decomposition of degradation products (hydroperoxides) [146, 188] and can 
be used to study free radical reactions in polymeric materials. CL can be used 
to predict the service life of a material under near-ambient conditions [25] 
and is an ideal method to identify early-stage oxidative degradation, before 
any visual deterioration is apparent [165]. Photooxidative behaviour of 
materials can now be studied in shorter time with a modification of 
commercial thermal chemiluminescence (TCL) instruments [28]. A detailed 
explanation on the method was discussed in section 1.7 in the introduction 
chapter. The degree of oxidation and dye behaviour on fabrics in reducing or 
increasing free radicals can be determined by using photo-induced 
chemiluminescence (PICL) technique. 
 
This study investigates the photostability of four commercial reactive dyes 
printed on cotton and silk fabrics. The fabrics were irradiated under UVA, 
UVB and simulated sunlight to assess the dye photostability. PICL was used to 
evaluate the performance of these dyes. Spectrophotometry was used to 
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measure the colour change of the samples and therefore the effectiveness of 
additive after treatments on fabric photostability. CIELab data was used to 
assess the photofading and the yellowness index of irradiated samples. 
 
2.2 Experimental 
2.2.1 Fabric 
100% cotton fabric of weight 235 g/m2, 92 threads/inch (ends) and 45 
threads/inch (picks) and silk weight 50 g/m2, 127 threads/inch (ends) and 85 
threads/inch (picks) was used for the study. 
 
2.2.2 Printing of the fabrics 
A Stork digital inkjet printing textile device with a piezo-electric drop-on-
demand print head was used to print the fabrics. Four commercially available 
reactive dyes; cyan dye Stork No. 5451335, magenta dye Stork No. 5451342, 
yellow dye Stork No. 5451658 and black dye Stork No. 5451357, were 
purchased from Lectra Australia and used as received. 
 
A pattern of 5 cm x 17 cm colour blocks of cyan, magenta, yellow and black 
(CMYK) were printed with 100% ink limit transfer for dark shade and 50% ink 
limit transfer for light shade samples at 720 dot per inch (dpi). Figure 2.1 
illustrates diagram of the colour blocks used for fabric printing. 
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Figure 2.1: Colour blocks of cyan, magenta, yellow and black 
 
2.2.3 Thin Layer Chromatography 
Full analysis of the dye structure is hindered by its complexity. The structure 
of some dyes is purposely withheld by the manufacturer. Although not all 
commercial dyes are listed in the Colour Index International, the C.I number 
in the Colour Index International is used as a first step to obtain dye 
structure. Once the C.I number is identified, it is used as a reference to 
identify the structure of the commercial dye. In this study, Thin Layer 
Chromatography (TLC) was carried out on the four Stork reactive dyes (cyan, 
magenta, yellow and black) in order to determine the constituents of the 
dyes, as they were not listed in the Colour Index International. 
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TLC is a simple chromatography technique that utilises two phases: (i) a 
liquid mobile phase, also referred to as eluent (typically more than one 
organic solvent is used); and (ii) a solid stationary phase, for performing 
separations. A typical TLC experiment consists of a developing tank with a 
cover, an applicator, eluent and a TLC plate. The dye molecules separate 
based on their interactions with the stationary and mobile phases. 
 
Dyes analysed in this project were separated using a three-part mobile phase 
based on a study by Fergusson [189] as shown below: 
 
122 pts n-propyl alcohol 
22 pts ethyl ethanoate 
66 pts deionised Water 
 
A solution of 1.0 ml Stork reactive dyes dissolved in 100 ml deionised water 
was prepared for all Stork dyes. Another solution containing 0.001 gm of 
commercial dye dissolved in 100 ml in deionised water was also prepared for 
testing. 
 
The dye samples were spot in a designated position; 2 cm from the edge of 
the TLC plate, using a capillary tube. Standard Merk 233 TLC plates were 
used. The sample spot should have a small diameter and to be spotted 
multiple times with drying between applications to keep the effective 
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diameter small. Once spotting is completes the dye is allowed to dry. The TLC 
plate is then placed into a closed vessel containing an eluent and the dye is 
allowed to develop on the plate. The dyes sample travels up the plate, with 
each component having the same travel time but different migration 
distances. The separated components were visualised by staining. 
 
2.2.4 Fabric post treatment 
After printing, the fabrics were air dried and steamed in a W. Mathis AG 
steamer at 100°C for 10 minutes to fix the dye. The steamed samples were 
then washed using 2 cm3L–1 of a solution of washing agent, Dispersant 2000. 
Samples were rinsed until all unreacted dyes and chemicals were removed 
from the fabric surface. The washing agent was purchased from YorkChem 
Australia Pty Ltd. 
 
2.2.5 Light irradiation 
Samples were irradiated under UVA and UVB conditions for 20 hrs using 
Philips tubes with emission peaks near 365 nm (Philips TUV) and at 306 nm 
(Philips TL20W/12RS, Eindhoven, Netherlands) respectively. Samples were 
also irradiated under simulated sunlight for 48 hrs in an Hereaus Suntest CPS 
accelerated weathering instrument fitted with a xenon arc and a 
combination of dichroic and quartz filters. Figure 2.2 shows a spectral 
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analysis of the emission from UVA, UVB and visible sources used for 
irradiating samples. 
 
 
Figure 2.2: A spectral analysis of the radiation from UVA, UVB and visible 
sources 
 
Samples exposed to light irradiation were placed into individual 
compartments within two layers of polyethylene (PE) film, with no significant 
UV absorbance above 250 nm. The absorbance spectra of the PE film are 
shown in Figure 2.3.  
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Figure 2.3: The absorbance spectra of the polyethylene (PE) film used in the 
study 
 
 
Figure 2.4 shows samples placed into individual compartments within two 
layers of polyethylene (PE) exposed to simulated sunlight and UV light. As a 
control sample, untreated fabric was irradiated under the same conditions as 
the treated samples. 
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Figure 2.4: Fabric samples were placed into individual compartments within 
two layers of polyethylene (PE) and irradiated with (A) simulated sunlight; (B) 
UV light. 
 
 
 
(A) 
(B) 
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The printed samples were also tested for their colourfastness. The ISO 105-
B02, method 4 Part B02: Colourfastness to artificial light: Xenon arc fading 
lamp test method was used. The printed samples were exposed along with a 
set of blue wool standards. The samples were exposed until a change in the 
printed samples was equal to a grey scale of 4–5. The colourfastness of the 
samples was assessed by comparing the change in colour of printed samples 
with that of the blue wool standards. 
 
2.2.6 Photo-induced chemiluminescence emissions 
A Lumipol 3 chemiluminescence instrument (Polymer Institute, Slovak 
Academy of Sciences, Bratislava), modified to allow in situ irradiation with 
selected wavelengths from a medium-pressure mercury arc (Lumatec SUV-
DC, Lumatech GmbH, Germany) under a controlled atmosphere at constant 
temperature [28], was used to compare the free radical populations and 
decay rates, following irradiation, on printed, unprinted and treated fabrics. 
The chemiluminescence baseline was stabilised by equilibrating each sample 
in a nitrogen atmosphere before exposure. The intensities of PICL emissions 
and the decay rates were compared in an oxygen atmosphere using a gas 
flow rate of 200 cm3/min at a constant temperature of 40°C. 
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2.2.7 Colour measurements 
A Gretag Macbeth Color-Eye 7000A spectrophotometer using a D65 source, 
10° collection angle was used to measure colour measurements on the fabric 
samples. The extent of yellowing during the irradiation period was measured 
using D1925 yellowness indices. The colour difference parameters 
ΔL*(lightness difference: lighter if positive, darker if negative), Δa* (red–
green difference: redder if positive, greener if negative), Δb* (yellow–blue 
difference: yellower if positive, bluer if negative) and ΔE* (total colour 
difference) are related as shown below in Equation 2.1. 
 
ΔE* = √ΔL*2 + Δa*2 + Δb*2 
Equation 2.1 
 
2.2.8 Fabric treatments 
Application of UV absorbers and antioxidants by an exhaustion technique 
was carried out using an Ahiba Turbomat laboratory dyeing apparatus. Figure 
2.5 shows an Ahiba Turbomat laboratory dyeing apparatus. Fabric samples 
were treated in an aqueous solution containing the UV absorbers or the 
antioxidant. Water purified by reverse osmosis was used for the preparation 
of various solutions. The pH of the solution was adjusted to 8.5–9.5 for 
cotton and pH 4.5–5.5 for silk with formic acid or aqueous ammonia.  
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Figure 2.5: Ahiba Turbomat laboratory dyeing apparatus 
 
2.2.9 UV absorbers 
Three UV absorbers were treated on Cotton fabrics; Rayosan C, Ciba Tinosorb 
FD, Ciba Tinosorb FR. Silk fabric was treated with Cibafast W.  
An exhaustion method was used to treat all fabrics. Cotton 1 was treated 
with Rayosan C 4% owf, 80 g/l Na2 SO4 and 6% owf Na2 CO3. Cotton 2 was 
treated with Ciba Tinosorb FD and cotton 3 was treated with Ciba Tinosorb 
FR. The initial solution pH was adjusted to pH 8.5–9.5. For Rayosan C 
treatment, the solution was heated at 40°C and maintained for 40 minutes. 
For Ciba Tinosorb FD and Ciba Tinosorb FR treatments, the solution was 
heated at 60°C and maintained for 60 minutes. 
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Silk fabrics were treated with Cibafast W (4% owf). Cibafast W is a water 
soluble sulphonated hydroxyphenyl benzotriazole UV absorber that was 
developed by CSIRO for application to wool fabrics and commercialised by 
Ciba in 1990 [190]. The structure is shown in Table 1.1. The initial pH of the 
solution was adjusted to pH 4.5–5.5. The fabric was immersed in the bath at 
40°C for 5 min. The temperature was then raised to 100°C at 2°C/min and 
held for 60 min. The samples were then rinsed with hot and cold water, 
purified by reverse osmosis, and dried at room temperature. 
 
 
 
 
 
 
Cibafast W 
Table 1.1: Chemical structure of Cibafast W (UV absorber) 
 
2.2.10 Diffuse reflectance 
A Cary 300 UV–visible spectrophotometer fitted with a DRA-CA-30I 
integrating sphere accessory (Labsphere, New Hampshire, USA) was used to 
measure the diffuse reflectance spectrum of printed samples between 250 
nm and 850 nm. 
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2.2.11 Antioxidants 
The application of antioxidants was carried out using water soluble ascorbic 
acid (AA) and N-acetyl cysteine (NAC) and the water insoluble antioxidant 
2,6-Di-tert-butyl-4-methoxy-phenol (BHA), 2,6-Di-tert-butyl-4-methyl-phenol 
(BHT) and tert-butylhydroquinone (TBHQ). 
 
Cotton samples treated with antioxidants, BHT (cotton A), TBHQ (cotton B), 
BHA (cotton C), NAC (cotton D), AA (cotton E) and blank treatment (cotton F) 
were also investigated. The antioxidant solutions were prepared by making 
up solutions of 1 gm of each antioxidant in 160ml of acetone. A magnetic 
stirrer was used to stir the solutions for 5 minutes to ensure that the 
antioxidants were fully dissolved in the acetone. To the stirred solution, 240 
ml of water purified by reverse osmosis was added to make up to 400 ml. A 
solution containing 1 gL–1 of NAC was made up using deionised water. 
Another solution containing 1gm/litre of AA was also made up using water 
purified by reverse osmosis. Both antioxidant solutions were adjusted to pH 
7.0 using formic acid. The treatment carried out was via exhaustion. The 
temperature was raised to 70°C at 2°C/min and maintained for 30 min. 
 
Silk fabrics were treated using 1 gm/400 ml of NAC/OA (silk A), 1 gm/400 ml 
of AA/OA (silk B), 1 gm/400 ml of NAC (Silk C), 1 gm/400 ml of AA (silk D) in 
deionised water. A blank treatment was also included (silk E). The treatment 
method was the same as for cotton. The pH was adjusted in the range of 3.5–
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4.0 with formic acid. After exhaustion, the fabrics were rinsed in water 
purified by reverse osmosis and allowed to dry at room temperature. 
Chemical structures of antioxidants used in this study are shown in Table 2. 
1. 
 
 
Table 2. 1: Name and chemical structure of antioxidants  
tert-Butylhydroquinone (TBHQ) Butylated hydroxytoluene (BHT) 
 
Oxalic acid (OA) Butylated hydroxyanisole (BHA) 
Ascorbic acid (AA) N-acetyl cysteine (NAC) 
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2.3 Results and discussion 
2.3.1 Thin Layer Chromatography 
Numerous commercial dyes were used in the experiments to identify the 
structure and the C.I number of the Stork Reactive dyes used in the study. 
The TLC results for black and cyan dyes are shown in Figure 2.6 and Figure 
2.7 respectively. The chemical structure of the Stork magenta and Stork 
yellow dyes are classified as proprietary; information regarding these dyes is 
withheld by the manufacturer and therefore unavailable for this present 
study. The TLC plates for the Stork magenta and Stork yellow dyes are shown 
in Figure 2.8 and Figure 2.9 respectively. 
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Figure 2.6: TLC plates of the partition of black dye components 
 
 
Figure 2.7: TLC plates of the partition of cyan dye components 
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Figure 2.8: TLC plates of the partition of Stork magenta 
 
 
Figure 2.9: TLC plates of the partition of Stork yellow 
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The plate shows that the predominant dye in Stork Reactive Black is similar 
to C.I. Reactive Black 5, a disazo, but shaded with an unknown yellow dye as 
shown in Figure 2.6. 
 
C.I Reactive Blue 7 appears to have similar partitions to Stork Reactive Cyan 
as shown in Figure 2.7. This chemical class is identified as phthalocyanine. 
The chemical structure for reactive Black 5 and reactive blue 7 is shown in 
Figure 2.10. 
 
 
Figure 2.10: Structure of C.I Reactive Black 5 and C.I Reactive Blue 7. 
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The absorption spectra of C.I Reactive Black 5 and C.I Reactive Blue 7 are 
shown in Figure 2.11.  
 
 
 
Figure 2.11: Reflectance spectra for C.I Reactive Black 5 and C.I Reactive Blue 
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The absorption spectra of Stork Reactive magenta and Stork reactive yellow 
are shown in Figure 2.12.  
 
 
 
Figure 2.12: Absorbance spectra for Stork Reactive Magenta and Stork 
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2.3.2 PICL studies of cotton and silk fabrics 
2.3.2.1 PICL of printed fabrics 
Cotton and silk fabrics were printed with two shades: i) dark shade printed at 
100% ink limit transfer; ii) light shade printed at 50% ink limit transfer. The 
stability of all printed fabrics was assessed using the PICL technique. The PICL 
intensity emitted from each sample is related to the free radical population 
of the irradiated sample. 
 
The intensity of PICL emissions from cotton fabrics irradiated with visible 
light for dark and light shades are shown in Figure 2.13. When fabric is 
printed in dark shades, magenta shows a slightly higher PICL intensity than 
the other three colours. When printed in the lighter shade, magenta emits 
similar PICL intensity as unprinted cotton. The intensity of PICL emissions 
from the other colours, cyan, yellow and black, was lower than the profile for 
unprinted cotton. The results show that in the presence of magenta dye, 
more free radicals were produced compared to the other dyes. The results 
clearly show the ability of certain dyes in producing or reducing free radical 
populations during irradiation to light. 
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Figure 2.13: PICL decay profiles of dark shades (A) and light shades (B) on 
cotton fabric with visible light (400–700nm) 
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Similar results can be seen from the PICL intensities obtained from cotton 
irradiated with UVA light (320–400 nm) as shown in Figure 2.14. Magenta 
shows higher PICL intensity emissions when compared to other colours in 
both dark and light shades, and it can be seen more clearly in light shades. 
Magenta printed in light shades shows a higher PICL emission compared to 
unprinted cotton. A higher PICL intensity emission implies higher free radical 
population. 
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Figure 2.14: PICL decay profiles of dark shades (A) and light shades (B) on 
cotton fabric with UVA light (320–400 nm) 
 
 
0 
100 
200 
300 
400 
500 
600 
0 200 400 600 800 
C
L
 i
n
te
n
s
it
y
 (
H
z
) 
Time (s) 
Unprinted Cotton 
Dark Black 
Dark Yellow 
Dark Magenta 
Dark Cyan 
0 
100 
200 
300 
400 
500 
600 
0 200 400 600 800 
C
L
 i
n
te
n
s
it
y
 (
H
z
) 
Time (s) 
Unprinted Cotton 
Light Black 
Light Magenta 
Light Cyan 
Light yellow 
A 
B 
 84 
 
PICL analysis of Stork commercial dyes, printed on cotton fabrics, suggests 
that magenta may act as a photosensitiser, whereas cyan, yellow and black 
act as photoprotectors. The dye with lower lightfastness is associated with 
higher PICL emissions, which implies an increased free radical population. 
 
The PICL emission of dark and light printed silk irradiated with visible light are 
shown in Figure 2.15. The PICL intensity of all the coloured samples was 
lower than the unprinted sample. It was observed that the cyan dye emitted 
a higher PICL intensity when compared to the other colours. The PICL 
intensity for light and dark shades of cyan is slightly higher than other colours 
under irradiation with visible light. 
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Figure 2.15: PICL intensity and decay profiles of dark shades (A) and light 
shades (B) on silk fabric with visible light (400–700nm) 
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The PICL intensity emissions of silk fabric, printed with light and dark shades 
under irradiation with UVA light, are shown in Figure 2.16. The results 
suggest that the decay rates of printed silk when irradiated with UVA light 
are similar for all dark shades. All light and dark shades showed lower PICL 
intensities than the unprinted silk fabric. Light and dark shades of black 
samples irradiated with UVA light exhibit the lowest PICL intensity compared 
to the other colours. 
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Figure 2.16: PICL intensity and decay profiles of dark shades (A) and light 
shades (B) on silk fabric with UVA light (320–400 nm) 
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concluded that, due to the higher levels of free radical population measured, 
the magenta dye may act as a photosensitiser and therefore did not protect 
the cotton from UVA and visible light irradiation. This is not the case for silk, 
where the intensities of all printed colours are lower than the emission 
intensity of unprinted silk. Free radicals play an important role in the 
photodegradation of dyestuffs. The lightfastness of the dyestuff is influenced 
by the reaction between the excited free radicals which develop during 
irradiation and the dyestuff molecules [191]. 
 
The relationship of PICL intensity with lightfastness rating of printed fabrics 
was assessed for dye colourfastness. The lightfastness assessment was 
carried out as described in 2.2.5. After testing, the samples were graded 
according to their fastness level; 7 indicates a high light fastness and 1 
indicates a very poor light fastness.  
 
Results obtained from PICL intensity emissions and lightfastness assessment 
of printed fabrics suggested that there is no relationship between 
lightfastness and radical production. The results showed that magenta 
exhibited a high PICL intensity and low lightfastness rating. For black, it was 
observed that lower PICL intensities resulted in lower lightfastness ratings. 
The lightfastness rating of the dye used in the study is shown in Table 2.2. 
Free radical populations from the dye have been found to be related to the 
dye class and chromophore [31]. The mechanisms that affect the 
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photofading of dyes are dependent on dye and fibre type [178]. It can also be 
concluded that the PICL emission and decay profiles can be seen more clearly 
when fabric is printed in lighter shades. 
 
 
Fabric   Colour   Fastness rating 
Silk   Cyan    4 
Magenta   2 
Yellow    5 
Black    2 
 
Cotton   Cyan    4 
Magenta   2 
Yellow    7 
Black    2-3 
Table 2.2: Fastness rating of printed cotton and silk fabric irradiated with a 
Xenon Arc lamp 
 
2.3.3 Yellowness index data of cotton and silk fabrics 
It is well-known that protein fibres, such as silk and wool, undergo yellowing 
during exposure to UV light and that the rate of photoyellowing is influenced 
by the presence of water. This is supported by the yellowness index data in 
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Figure 2.17. The most significant colour changes in silk were observed after 
exposure to UVB light. Lower colour changes were observed after UVA and 
sunlight exposure. This demonstrated that a high level of photodegradation 
occurred on silk fabric when it was exposed to UVB light. This clearly 
indicates that photoyellowing of silk fabrics occurs under UVB light exposure. 
The main cause of photoyellowing of protein fibres is the formation of α-
ketoacyl acid polypeptides [192, 193]. It has been found that these amino 
acids; glycine, alanine, serine and tyrosine, in the fibroin of silk undergo 
photo-oxidation, resulting in photoyellowing [176]. A kinetic study by Baltova 
et al. [193] established that the degree of photoyellowing of silk is related to 
irradiation time. 
 
 
 
Figure 2.17: Yellowness index for cotton and silk fabric with radiation of UVA 
(20 hrs), UVB (20 hrs) and simulated sunlight (48 hrs) 
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It was found that cotton fabrics exposed to UVA, UVB and sunlight fade at 
similar rates. Interestingly, cotton fabric becomes lighter with exposure to 
these light sources, whereas silk fabric becomes darker, as shown in ΔL data 
in Table 2.3. The ΔL result suggests that unprinted cotton is photobleached 
by UVA, UVB and visible wavelengths. 
 
 
Name    ΔL*    Δa*   Δb* 
Cotton UVA   1.13   0.07   1.27 
Cotton UVB   1.54   –0.11   –0.79 
Cotton sunlight  1.55   0.06   –1.70 
 
Silk UVA   –1.29   0.18   0.91 
Silk UVB   –3.62   –0.97   12.04 
Silk sunlight   –1.66   –0.18   2.27 
Table 2.3: ΔL, Δa* and Δb* values of cotton and silk fabrics after exposure to 
different radiation sources 
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2.3.4 Colour difference evaluation of cotton and silk after 
exposure to different radiation sources 
Printed and unprinted silk and cotton fabrics were exposed to UVA and UVB 
light for 20 hours. Samples were exposed to simulated sunlight for 48 hours. 
Samples were exposed for longer periods under simulated sunlight because 
exposure to shorter wavelengths resulted in a greater level of degradation, 
compared to samples exposed at longer wavelengths. Essentially, materials 
exposed indoors, behind window glass (transmitting λ > 330 nm) will degrade 
much more slowly than materials exposed outdoors. 
 
2.3.4.1 Colour fading of unprinted fabrics 
Figure 2.18 shows the colour difference data for unprinted cotton and silk 
fabric after irradiation with UVA, UVB and simulated sunlight. The results 
shows that silk fabric irradiated with UVB light has the highest level of 
photoyellowing. This result is expected, as silk fabric has a higher yellowness 
index compared to cotton fabric. It is because the aromatic amino acids in 
silk absorb specific UV wavelengths and form yellow compounds whereas 
pure cotton does not contain UV-absorbing species. It was also observed that 
the colour change of silk is dependent on light source type. This was shown 
by the colour change of silk fabrics under UVA, UVB and sunlight exposure. 
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However, the colour change of cotton fabric was not dependent on type of 
light source, as shown by the very small colour change. 
 
 
Figure 2.18: Colour difference data for unprinted cotton and silk fabrics with 
irradiation of UVA, UVB and simulated sunlight 
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via exposure to UVB light. Again, the pale yellow shade (50% ink limit 
transfer) did not follow this trend. Its greatest colour change was observed 
after sunlight exposure. The greatest colour change observed was that of a 
pale shade of magenta exposed to UVB light. Magenta printed fabrics 
exhibited very high colour changes on exposure to all three light sources. 
This result is in agreement with the PICL data, where magenta emitted higher 
PICL intensities than the other colours. 
 
The following trends were observed on the silk printed fabric. Dark shades of 
magenta, cyan and black exhibited the greatest colour change via UVB 
exposure. The dark yellow shade exhibited similar colour change after 
exposure to UVA and sunlight. Silk printed with pale shades showed these 
trends. Light shades of cyan exhibited a greater colour change following 
exposure to UVA light. It was also observed that pale yellow shades exposed 
to UVA and sunlight resulted in the same degree of colour change and 
exhibited the smallest colour change after exposure to UVB light. It was 
assumed that this small ΔE value was contributed to by the yellowing effect 
on the fabric by irradiation of UVB light. 
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Figure 2.19: ΔE data for printed cotton fabric irradiated with UVA, UVB and 
simulated sunlight 
 
 
 
Figure 2.20: ΔE* for printed silk fabric irradiated with UVA, UVB and 
simulated sunlight 
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2.3.5 Effect of fabric treated with UV absorbers 
The prevention of UV exposure is necessary to protect fabrics from the 
effects of UV light. UV exposure can be prevented by reducing the amount of 
light absorbed by chromophores. UV absorbers are used in the textile 
industry to protect fibres from photodegradation. Generally, an effective UV 
absorber should have an absorption peak greater than 320 nm. The 
absorption peak may be at a longer wavelength, as long as absorption drops 
off sufficiently as it approaches the visual range, approximately 400nm to 
700nm, as UV absorbers should be colourless. 
 
Three UV absorbers used in this study were Rayosan C on (cotton 1), Ciba 
Tinosorb FD on (cotton 2) and Ciba Tinosorb FR on (cotton 3). Cibafast W was 
used as a UV absorber on silk fabric. 
 
Figure 2.21 shows the reflectance spectra in the UV–Vis range for untreated 
and treated silk fabric. Silk treated with Cibafast W showed a higher 
absorption of light in the UV spectral range. The result suggested that the 
application of Cibafast W has the potential to improve the photostability of 
silk fabrics. However, the Cibafast W treatment reduced the whiteness of the 
silk fabric. This was deduced because the reflectance spectra of treated 
fabric was lower than for the untreated fabric in the visible range from 400-
700 nm. 
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Figure 2.21: UV–Vis spectra of untreated and treated silk with Cibafast W 
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Figure 2.22: UV–Vis spectra of cotton treated with Rayosan C, Ciba Tinosorb 
FD and Ciba Tinosorb FR 
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Figure 2.23: PICL decay profiles of silk fabric treated with Cibafast W with (A) 
UVA light (320–400 nm) and (B) visible light (400–700 nm) 
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Tinosorb FD, exhibited a lower emission intensity compared to untreated 
cotton. It was observed that the emission intensity of this sample became 
higher than other samples after a time lapse of 300 s. The PICL intensity and 
decay rate of cotton sample treated with Rayosan C (cotton 1) and Tinosorb 
FR (cotton 3) were lower compared to untreated sample. It can be concluded 
that these treatments on cotton reduce the free radical population of the 
irradiated fabric due to the lower PICL intensities measured but to a much 
lesser extent than for silk fabric. 
 
Figure 2.25 demonstrates that sample cotton 3, treated with Tinosorb FR, 
generated more free radical populations when irradiated with visible light. 
The initial PICL intensity is higher for sample Cotton 3 (Tinosorb FR) 
compared to sample Cotton 1 (Rayosan C) and Cotton 2 (Tinosorb FD).  
Samples treated with Rayosan C (cotton 1) exhibited lower PICL intensity 
emissions compared to untreated sample. Tinosorb FD (cotton 2) exhibited 
similar PICL intensity emissions to untreated sample. The results suggested 
that treatments with Rayosan C provide some photoprotection for cotton 
under irradiation with visible light. 
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Figure 2.24: PICL decay profiles of cotton fabric treated with Rayosan C, 
Cibasorb FR and Cibasorb FR with UVA light (320–400 nm) 
 
 
Figure 2.25: PICL intensity emission and decay profiles of treated cotton 
fabric irradiated with visible light (400–700 nm) 
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2.3.6 The evaluation of ultraviolet absorbers 
The prolonged exposure of fabrics to sunlight leads to yellowing of the fabric 
surface (photoyellowing) and severe deterioration of strength 
(phototendering). The prevention of fabric photodegradation can be 
achieved by application of UV absorbers. In this work Rayosan C, Tinosorb FR, 
Tinosorb FD and Cibafast W were assessed with respect to the 
photoprotection offered by these UV absorbers on cotton and silk. 
 
The effectiveness of Rayosan C, Tinosorb FR and Tinosorb FD applied on 
cotton and Cibafast W on silk in providing photoprotection was evaluated. 
These treated fabrics were exposed to UVA and UVB for 20 hours. Untreated 
fabric was used as a control and irradiated along with the treated fabrics 
under the same conditions. The chromatic alteration of the fabric samples 
was measured after the exposure to determine the effectiveness of these UV 
absorbers in reducing fading. 
 
The ΔLab and ΔE of cotton and silk fabrics after 20 hours exposure to UVA 
light are shown in Table 2.4. The result shows that sample treated with 
Rayosan C (cotton 1) exhibited the least amount of colour change after 20 
hours of UVA irradiation, compared to the Tinosorb FD and Tinosorb FR 
treatments. Treatments with Tinosorb FD (cotton 2) and Tinosorb FR (cotton 
3), displayed ΔE greater than 4. This clearly demonstrated their inability to 
provide sufficient photoprotection. The largest colour difference was 
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observed for sample treated with Tinosorb FD (cotton 2). The largest colour 
difference observed for cotton 2 were mostly due to Δb* variations. This 
result is in agreement with the PICL data discussed previously, suggesting 
cotton treated with Rayosan C provide some photoprotection. 
 
There was no significance colour difference between the treated and 
untreated silk fabrics. The application of Cibafast W apparently provides little 
photoprotection for the application levels used in this study. Treated silk 
fabric exhibited a smaller ΔE value compared to that of untreated fabric. 
Cibafast W treatment also reduced yellowing (Δb of 1.71) more than 
untreated fabric (Δb of 2.90) after exposure to UVA light. 
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Name   ΔL*   Δa*   Δb*   ΔE* 
Cotton control –1.67   0.35   2.29   3.28 
Cotton 1   –2.29   0.36   2.31   2.86 
Cotton 2   0.82   2.57   –8.98   9.38 
Cotton 3   –0.98   0.99   –4.44   4.66 
 
Silk control   –3.48   1.03   2.90   4.65 
Silk 1     –2.37   1.01   1.71   3.09 
Table 2.4: ΔLab and ΔE* of cotton and silk fabrics after 20 hours’ exposure to 
UVA light 
 
 
The effectiveness of Rayosan C, Tinosorb FR and Tinosorb FD applied on 
cotton and Cibafast W on silk were also assessed by exposure to UVB light for 
20 hours. After 20 hours of exposure to UVB light, all fabric samples were 
found to suffer extensive photodegradation. All samples were yellowed after 
irradiation. The colour difference (ΔE) results of treated and untreated 
cotton and silk fabrics, exposed to UVB light are shown in Table 2.5. The 
results show that cotton 1 treated with Rayosan C, exhibited a smaller ΔE 
data when compared to that of the untreated sample. It also showed a 
smaller ΔE compared to other treatments. Cibafast W treated on silk 
provides insignificant photoprotection when exposed to UVB light. 
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Name   ΔL*   Δa*   Δb*   ΔE* 
Cotton control  –2.31   0.43     4.31   4.91 
Cotton 1   –2.53   0.43 R  3.07   4 
Cotton 2   –0.98   2.55   –8.41   8.84 
Cotton 3  –1.26   1.23    –4.85   5.16 
 
Silk control   –4.04   –0.17   11.08   11.8 
Silk 1    –4.99  0.24   10.59   11.71 
Table 2.5: ΔLab and ΔE* of cotton and silk fabric following exposure with UVB 
light for 20 hours 
 
 
The effectiveness of Rayosan C, Tinosorb FR, Tinosorb FD on cotton and 
Cibafast W on silk was also evaluated under irradiation of simulated sunlight. 
Samples were exposed to simulated sunlight for 48 hours. The ΔLab and ΔE 
of cotton and silk fabrics following exposure to simulated sunlight for 48 
hours are shown in Table 2.6. Rayosan C treated on cotton 1 did not provide 
photoprotection under exposure to simulated sunlight. It was observed that 
cotton treated with Tinosorb FD (Cotton 2) and Tinosorb FR (cotton 3) 
bleached after irradiation with simulated sunlight. Cotton 3 exhibited the 
smallest colour difference value of EΔ 2.08, compared to the other 
treatments. On exposure to sunlight, protein fibres are known to undergo 
 106 
 
photoyellowing. The application of Cibafast W treatment on silk did not 
provide photoprotection when exposed to simulated sunlight. 
 
 
Name   ΔL  Δa  Δb  ΔE 
Cotton control –1.76   0.34   2.71   3.25 
Cotton 1  –2.63   0.37   3.48   4.38 
Cotton 2  –1.84   1.24   –1.93   2.94 
Cotton 3  –1.38   0.65   –1.41   2.08 
 
Silk control  –2.81   0.65   4.20   5.09 
Silk 1   –3.66   0.87   3.88   5.4 
Table 2.6: ΔLab and ΔE* of cotton and silk fabric following exposure with 
sunlight for 48 hours 
 
 
Table 2.7 shows a Yellowness index data (YI-D1925) of treated cotton and silk 
fabrics after irradiated to UVA, UVB and simulated sunlight. It was observed 
that Rayosan C treatment provides little protection of cotton fabric against 
photoyellowing under exposure to UVA, UVB and simulated sunlight. It is 
interesting to note that cotton treated with Tinosorb FD and Tinosorb FR 
photobleached when exposed to UVA and UVB light, showing negative data 
on the yellowness index. When exposed to simulated sunlight, these 
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treatments showed less photoyellowing, with a YI of 2.61 treated with 
Tinosorb FD and YI of 5.67 treated with Tinosorb FR, compared with Rayosan 
C (YI of 10.47). This suggests that these treatments can be used to retard 
photoyellowing on cotton fabric. 
 
 
Name    UVA  UVB  Sunlight 
Cotton control   9.69  13.58  11.05 
Cotton 1 (Rayosan C)  8.79  10.29  10.47 
Cotton 2 (Tinosorb FD) –10.65  –9.5  2.61 
Cotton 3 (Tinosorb FR) –0.02  –0.64  5.67 
 
Silk control   14.91  28.93  17.09 
Silk (Cibafast W)  12.67  28.5  16.63 
Table 2.7: Yellowness index (YI-D1925) of treated and untreated fabric after 
exposure to UVA and UVB light 
 
 
Results from this study showed that the photostability of cotton fabric can be 
improved by application of Tinosorb FD and Tinosorb FR. This can be seen by 
small colour differences data (Table 2.6) and lower YI (Table 2.7) showed on 
cotton after exposure to various light sources. Higher colour difference data 
and YI on cotton treated with Rayosan C, indicated that this treatment was 
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not very effective. The results also suggested that Cibafast W was not very 
effective on silk as higher colour difference data and YI were observed after 
exposure to UVA, UVB and simulated sunlight when compared to a control 
sample. Previous research studied the use of UV absorbers to improve the 
lightfastness of cotton [194] and for the protection of wool [195] against 
yellowing. These studies concluded that water-soluble UV absorbers provide 
maximum results in protecting cotton and wool from photoyellowing. 
 
2.3.7 Effect of fabric treated with antioxidants 
The colourfastness properties of textile products can be improved in a 
variety of ways, including the development of dyes with better fastness and 
the use of additives. Antioxidants are the most effective photostabilisers and 
greatly reduce fading and degradation of fabrics [196]. Antioxidants belong 
to many chemical classes including amines, phenols, phosphites and 
thiodipropionates [197]. They may function as free radical scavengers (chain 
breaking antioxidants) or as hydroperoxide decomposers [198]. 
 
The effectiveness of antioxidants on cotton and silk fabrics was investigated 
by the application of water-soluble and water-insoluble antioxidants, using 
an exhaustion method. Cotton fabrics were treated with BHT (cotton A), 
TBHQ (cotton B), BHA (cotton C), NAC (cotton D), AA (cotton E) and a blank 
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treatment (cotton F). The silk fabrics were treated with NAC/OA (silk A), 
AA/OA (silk B), NAC (Silk C), AA (silk D) and a blank treatment (silk E). 
The UV-protective properties of selected antioxidants were analysed using 
the UV–Vis reflectance spectra of the cotton and silk fabrics. The UV–Vis 
reflectance spectra of the fabrics treated with water-soluble and water-
insoluble antioxidants are shown in Figure 2.26 and Figure 2.27, for cotton 
and silk respectively. 
 
Treatments with BHT, BHA, NAC, TBHQ and AA on cotton did not result in 
any significant changes in the whiteness of the fabrics, as shown by the 
reflectance data in Figure 2.26.  
 
Reflectance data of silk fabrics treated with NAC/OA and NAC is shown in 
Figure 2.27. The reflectance data showed that the application of 
someantioxidants slightly reduced the whiteness of the fabric compared to 
the untreated fabric. Reflectance data on treatments with AA/OA and AA 
exhibited higher whiteness in the silk.  
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Figure 2.26: UV–Vis reflectance spectra of treated cotton fabric 
 
 
Figure 2.27: UV–Vis reflectance spectra of treated silk fabric 
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2.3.8 The evaluation of antioxidants 
2.3.8.1 Colour measurement of silk and cotton fabrics treated 
with antioxidants 
Spectral data was measured on all treated fabrics using a 
spectrophotometer. The values measured and calculated were shown in CIE 
L*a*b* value. The Lab data obtained from the fabrics provided information 
on colour change due to the application of antioxidants. The ΔL*, Δa*, Δb* 
and ΔE* values of silk and cotton fabrics after treated with antioxidants are 
shown in Table 2.8. 
 
Fabrics were treated with both water soluble (NAC and AA) and insoluble 
(BHT, TBHQ, BHA) antioxidants. Results from colour difference data, on 
cotton fabrics treated with BHT, TBHQ, BHA, NAC and AA, showed that they 
had a negligible colour change. The ΔE* value of all the fabrics was less than 
1. However, all antioxidant treatments on silk exhibited colour difference 
data greater than 1. These treatments also resulted in small increases in 
yellowness as indicated by the Δb* values. Silk treated with NAC exhibited 
the highest colour difference of ΔE 4.35. These results are in-line with the 
UV–Vis reflectance spectra of treated fabrics discussed earlier. 
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Name   ΔL*  Δa*  Δb*  ΔE* 
Cotton A (BHT) 0.09   –0.02   0.12  0.15 
Cotton B (TBHQ) –0.14   0.26   –0.19   0.35 
Cotton C (BHA) –0.65   0.04   –0.31   0.72 
Cotton D. (NAC) 0.05   0.09   0.04   0.11 
Cotton E (AA)  –0.79   0.10   0.16   0.82 
 
Silk A (NAC/OA) –1.52   0.35   2.96   3.35 
Silk B (AA/OA)  1.45   0.14   1.11   1.83 
Silk C (NAC)  –4.05   0.26   1.55   4.35 
Silk D (AA)  1.50   0.26   1.69   2.28 
Table 2.8: The ΔL*, Δa*, Δb* and ΔE* values of silk and cotton fabric after 
being treated with antioxidants 
 
Cotton and silk fabrics treated with antioxidants were exposed to UVA and 
UVB light for 20 hours. Samples were also exposed to sunlight irradiation for 
48 hours. A blank treatment was also exposed to both irradiation conditions 
to act as a control. The colour difference data was measured before and after 
exposure to UVA, UVB and simulated sunlight using a spectrophotometer. 
 
Table 2.9 shows the ΔL*, Δa*, Δb* and ΔE* values of treated silk and cotton 
fabrics, after 20 hours of UVA irradiation. The results show that treatments 
with BHT, BHA and AA antioxidants provide somet photoprotection on 
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cotton fabric. Cotton fabric treated with these antioxidant exhibited lower ΔE 
value than a control sample. The results also suggested that ascorbic acid 
antioxidant was the best antioxidant in providing photoprotection on cotton 
fabric. It is interesting to note that cotton treated with TBHQ antioxidant 
photobleached under irradiation of UVA light. 
 
For silk fabrics, samples treated with AA/OA for silk B and AA for silk D did 
not provide effective photoprotection, as the colour difference values of 
these samples were higher than the control sample. Most of the samples 
became darker and yellower after irradiation, as measured by the ΔL* and b* 
values. The results indicated that the most effective antioxidant treatment 
for silk fabrics was the combination of (NAC/OA). 
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Name   ΔL*  Δa*  Δb*  ΔE* 
Cotton (control)  –2.46     0.50     1.40   2.87 
Cotton A (BHT) –1.73     0.26     1.41   2.25 
Cotton B (TBHQ)   0.18    –1.11     3.10   3.29 
Cotton C (BHA)  –2.19     0.65     1.61   2.8 
Cotton D (NAC)  –2.46     0.46     2.33   3.42 
Cotton E (AA)  –1.62     0.51     0.89   1.92 
 
Silk (control)   –2.07   0.56    3.25   3.89 
Silk A (NAC/OA)  –1.45   0.55     0.22   1.57 
Silk B (AA/OA)  –5.26   –0.30   3.61   6.39 
Silk C (NAC)    0.69     1.01     1.65   2.05 
Silk D (AA)  –4.05   0.54     2.48   4.79 
 
Table 2.9: The ΔL*, Δa*, Δb* and ΔE* values of silk and cotton fabric after 
irradiation with UVA light for 20 hours 
 
Table 2.10 shows the ΔL*, Δa*, Δb* and ΔE* values of silk and cotton fabrics, 
irradiated with UVB light for 20 hours. Higher ΔE values were observed on 
cotton samples treated with BHT, BHA and NAC compare to a control sample, 
after exposure to UVB light. These antioxidant treatments did not provide 
sufficient photoprotection on cotton fabric. Cotton treated with BHT, BHA 
and NAC exhibited Δb* values greater than 1, which indicated that the 
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sample yellowed, and negative ΔL* values, which indicated that the sample 
darkened, after irradiation with UVB light. This suggested that these 
treatments were inadequate in providing sufficient photoprotection. Cotton 
treated with TBHQ and AA antioxidants exhibited lower colour difference 
value than a control sample. It can be concluded that ascorbic acid 
antioxidant provides effective photoprotection of cotton fabric under 
irradiation of UVB light. 
 
Application of NAC/OA for silk A and NAC for silk C exhibited lower colour 
difference values compared to a control sample after irradiation with UVB 
light. This suggested that these antioxidant provide sufficient 
photoprotection for silk under irradiation of UVB light. However, it was 
observed that the photoyellowing process still occurred in the presence of 
antioxidants. This can be seen from the Δb values of these samples. 
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Name   ΔL*   Δa*   Δb*   ΔE* 
Cotton (control)  –3.18   0.55   3.23   4.56 
Cotton A (BHT) –2.55   0.37     4.20   4.93 
Cotton B (TBHQ)  0.04    –1.47     3.98   4.24 
Cotton C (BHA)  –2.92 D 1.10     3.90   5 
Cotton D (NAC)  –3.29   0.53     4.35   5.48 
Cotton E (AA)   –2.01     0.56     2.33   3.13 
 
Silk (control)   –3.92    –0.54    13.42   13.99 
Silk A (NAC/OA)  –2.88     0.46     6.89   7.48 
Silk B (AA/OA)  –6.19    –0.83    10.63   12.33 
Silk C (NAC)   –0.68 D 0.86     7.71   7.79 
Silk D (AA)  –6.17   –0.89    12.24   13.74 
Table 2.10: The ΔL*, Δa*, Δb* and ΔE* values of silk and cotton fabric after 
irradiation with UVB light for 20 hours 
 
 
Cotton and silk fabric samples treated with the above mentioned 
antioxidants were exposed to simulated sunlight. Table 2.11 shows the ΔL*, 
Δa*, Δb* and ΔE* values of treated silk and cotton fabrics, after irradiation 
with simulated sunlight for 48 hours. 
The results showed that treatments with BHT, TBHQ, BHA and AA 
antioxidants sufficiently retarded photofading on cotton fabrics. This is 
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supported by the colour difference results; they exhibited lower ΔE values 
than a control sample. Cotton treated with AA antioxidant exhibited the 
lowest colour difference value of ΔE 2.71. A previous study by Cristea and 
Vilarem [199] concluded that AA antioxidants improved the lightfastness of 
cotton dyed with natural dye, when exposed to simulated sunlight. 
 
Silk fabrics treated with NAC/OA and NAC antioxidants exhibited lower 
colour difference data compared to the other treatments used in the study. 
The sample treated with these antioxidants showed smaller ΔE values 
compared to a control sample. 
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Name   ΔL*   Δa*   Δb*   ΔE* 
Cotton (control)  –2.98   0.55     2.68   4.04 
Cotton A (BHT) –2.18     0.34     2.59   3.4 
Cotton B (TBHQ)   0.63    –1.43     3.15   3.52 
Cotton C (BHA)  –2.32     1.13     1.90   3.2 
Cotton D (NAC)  –2.84     0.55     3.21   4.32 
Cotton E (AA)   –1.90     0.59     1.84   2.71 
 
Silk (control)   –2.68     0.16    5.66   6.26 
Silk A (NAC/OA)  –2.09     0.26     2.67   3.4 
Silk B (AA/OA)  –6.13    –0.57     5.83   8.48 
Silk C (NAC)    0.17     0.87     3.45 Y  3.56 
Silk D (AA)  –4.88    –0.17     5.32 Y  7.22 
Table 2.11: The ΔL*, Δa*, Δb* and ΔE* values of treated silk and cotton fabric 
after irradiation with simulated sunlight for 48 hours 
 
The application of water soluble and insoluble antioxidants on cotton and silk 
fabrics has been discussed in this chapter. The results suggested that cotton 
treated with AA antioxidant, as an after treatment process, and irradiated 
with UVA, UVB and simulated sunlight exhibited some photoprotection. 
 
Combination treatments of NAC/OA antioxidants provided some 
photoprotection for silk fabric when irradiated under UVA, UVB and 
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simulated sunlight. Results from this study also indicated that silk fabrics 
treated with antioxidants exposed to UVB light still undergo photoyellowing. 
 
2.3.8.2 PICL of cotton and silk fabric treated with antioxidants 
Further analysis of the effectiveness of antioxidant treatments on cotton and 
silk fabrics were analysed using PICL techniques. PICL emission intensities are 
correlated to free radical populations. The PICL technique measures the free 
radical populations emitted from irradiated samples under UVA or visible 
light irradiation. A higher PICL intensity emission, from irradiated samples, 
indicates a lower stability, therefore higher decay rates. 
 
The effectiveness of antioxidants applied on cotton and silk fabrics was 
evaluated using PICL technique. The PICL intensity emissions and decay 
profiles of cotton with UVA light are shown in Figure 2.28. The results show 
that samples treated with BHA, BHT, NAC and AA emitted higher PICL 
intensity emissions compared to blank treated sample. Treatments with 
TBHQ emitted lower PICL intensity emission than the other treatments. The 
results suggested that in the presence of TBHQ, free radical production can 
be reduced compared to other treatments used in the study. 
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Figure 2.28: PICL intensity emissions and decay profiles of cotton fabric 
treated with antioxidants with UVA light (320–400 nm) 
 
 
Figure 2.29 shows the PICL intensity emissions of UVA irradiated silk fabrics 
treated with antioxidants. Samples treated with NAC emitted lower PICL 
intensity emissions compared to untreated and other treated samples. A 
higher PICL intensity emission was observed on samples treated with AA 
antioxidants. This result indicated that AA treatment did not provide 
sufficient protection on silk fabric under irradiation of UVA light. 
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Figure 2.29: PICL intensity emissions and decay profiles of silk fabric treated 
with antioxidants with UVA light (320–400 nm) 
 
 
The PICL intensity emission and decay profiles of cotton and silk fabrics 
irradiate with visible light are shown in Figure 2.30 and Figure 2.31 
respectively. All treated cotton fabrics, irradiated with visible light emitted 
higher PICL intensity emissions compared to untreated sample. The results 
indicated that these antioxidant treatments did not retard the photo-
oxidation process. This study shows that the application of antioxidants on 
cotton fabrics does not provide photoprotection to irradiated samples. 
 
In the case of silk fabrics treated with AA/OA, NAC and AA, higher PICL 
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fabrics treated with NAC/OA irradiated with visible light, proved to be the 
most effective treatment in reducing free radical populations. This is 
supported by the fact that the PICL intensity emissions were lower than 
those observed on the untreated sample. It can be concluded that 
combination treatments of NAC/OA on silk showed adequate 
photoprotection when irradiated with visible light. The other treatments 
were not capable of providing effective levels of photoprotection. 
 
 
Figure 2.30: PICL decay profiles of cotton fabrics treated with antioxidants 
irradiated with visible light (400–700 nm) 
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Figure 2.31: PICL decay profiles of silk fabrics treated with antioxidants 
irradiated with visible light (400–700 nm) 
 
2.4 Summary 
This study analysed the PICL intensity emissions and the lightfastness of 
cotton and silk fabrics printed with four commercial reactive dyes. The 
effectiveness of UV absorbers and antioxidants on cotton and silk fabrics was 
also discussed. In the PICL study, the results demonstrated that the highest 
PICL intensity emission was observed in the magenta dye after irradiation 
with UVA and visible light. PICL intensity emissions are correlated to free 
radical populations. It therefore can be concluded that the magenta dye may 
act as a photosensitiser which increases the rate of free radical populations, 
rather than a photoprotector which inhibits the production of free radicals, 
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on cotton fabric. However, when these dyes were printed on silk fabric, cyan 
exhibited a slightly higher PICL intensity compared to the other colours.  
 
Lightfastness evaluation was carried out on silk and cotton printed fabrics. 
Cotton and silk printed with magenta dye exhibited the lowest lightfastness 
rating. This indicates that magenta dye has the lowest light stability, 
compared to cyan, yellow and black. As a consequence, magenta fades to a 
greater extent compared to the other dyes. Lightfastness data indicates the 
level of dye stability exhibited after exposure to light. 
 
The PICL and lightfastness evaluation suggested that dyes that emit higher 
PICL intensity emissions are less photo-stable to light. This was evident in the 
analysis of the magenta dye. Magenta exhibited a high PICL intensity 
emission and a low lightfastness rating. This was not the case in all instances, 
and for some dyes there is no relationship between PICL intensity and 
lightfastness rating. An example of this was the analysis of black. This dye has 
lower PICL intensity emissions and a low lightfastness rating. The PICL 
intensity emission of dyes is related to the dye class and chromophore. 
 
UV absorbers and antioxidants have demonstrated that they provide some 
photoprotection to fabrics against the damaging effects of light exposure. 
Colour difference results obtained from cotton treated with UV absorber 
(Rayosan C) showed that this treatment provided the most efficient 
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photoprotection when irradiated with UVA and UVB light. Cotton fabric 
treated with Ascorbic Acid exhibits small colour difference values after 
exposure to UVA, UVB and simulated sunlight. The most effective antioxidant 
treatment for silk is the application of NAC/OA. Cibafast W provides some 
photoprotection on silk. With the use of NAC/OA antioxidants and Cibafast 
W UV absorber, samples exposed to UVA, UVB and simulated sunlight 
exhibited lower colour difference values compared to a control sample. It 
shows that these treatments provide some photoprotection. Silk fabrics 
exposed to UVB light were found to be more susceptible to damage than 
cotton fabrics exposed to UVB light. Even in the presence of UV absorbers 
and antioxidants, it was found that silk still underwent photoyellowing. The 
appropriate selection of UV absorbers and antioxidants will ensure the 
maximum level of photoprotection is achieved. 
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CHAPTER 3. THE STABILISATION AND 
SYNERGISM EFFECT OF HALS AND UV 
ABSORBERS 
 
3.1 Introduction 
The photodegradation of polymeric material is usually caused by a chemical 
reaction initiated by the absorption of ultraviolet light. This results in the 
deterioration of the physical properties of the polymer. Synthetic polymers 
undergo complex chemical reactions after the absorption of light as 
proposed by Bolland and Gee in 1946 [48]. There are three principal steps 
involves in the oxidation of polymers. It can be listed as initiation, 
propagation and termination. Under the effect of heat, light or metal ions, 
subsequent oxidation of the polymer is autocatalysed by the decomposition 
of hydroperoxides which produce free radical for the chain reaction. 
Autoxidation mechanism is shown in Scheme 3.1 and has been discussed in 
detail in section 1.2.3, in Chapter 1. 
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Initiation 
Polymer    P• + P• 
 
Propagation 
P• + O2     POO
•  
POO• + PH    POOH + P• 
POOH + POOH    PO• + POO• + H2O 
 
Termination 
POO• + POO•    POOP + O2 
P• + POO•    POOP 
P• + P•     P-P 
Scheme 3.1: Autoxidation mechanism  
 
 
To minimise these reactions, additives are used at various stages to protect 
the polymer throughout its lifecycle. Additives are used on their own or in 
combinations to prevent oxidation, chain scission and cross-linking reactions, 
which are caused by the photooxidation of polymers. Additives may prevent 
polymer absorption by ultraviolet light, or prevent further reactions by the 
chemical excited state, which are induced by the absorption of light. 
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Polymer stabilisation involves the inhibition of photodegradation and can be 
achieved by the use of UV absorbers or Hindered Amine Light Stabilizers 
(HALS). Ultraviolet absorbers and HALS are often added to the surface 
coating formulation, to counteract the effects of long-term degradation from 
weather and sunlight. UV absorbers protect polymers by filtering out harmful 
ultraviolet light in the wavelength range 290–380 nm. UV absorbers prevent 
photodegradation and protect the polymer against colour change by 
absorbing the UV and re-emitting it at a less harmful wavelength, mainly as 
heat. However, UV absorbers do not function as radical scavengers. As a 
result, HALS can be used in combination with UV absorbers to trap any 
radicals formed during polymer degradation. HALS effectively scavenge alkyl 
and peroxy radicals [82, 200], act as hydroperoxide decomposers and excited 
state quenchers [201], resulting in the inhibition of polymer photooxidation. 
The stabilisation mechanism of HALS involves a cyclic chain-breaking 
antioxidant process [202-204] known as the Denisov cycle. The HALS reaction 
is shown in Figure 3.1. 
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Figure 3.1: Mode of action of HALS [205] 
 
Initially, in the presence of oxygen and radiation, HALS (1) is converted into 
the reactive nitroxyl radical (2), which then traps a free radical and forms an 
aminoether (3). The aminoether reacts with a peroxide radical to form an 
intermediate species (4), which then decomposes to harmless alcohols and 
ketones while the nitroxyl radical (2) is reformed. The synergistic effect of 
HALS and the UV absorber is very important and is commonly used for the 
photostabilisation of industrial polymers [205]. 
 
The combination of UV absorbers and HALS has been widely applied in 
coatings to improve the photostability of a variety of polymers. Decker et al. 
[206] found that the photostability of polymer coatings could be improved by 
the addition of UV absorbers and HALS acting as radical scavengers. A study 
by Kurumada et al. [207] found a high level of synergism between HALS and 
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UV absorbers in polypropylene, high density polyethylene and acrylonitrile–
butadiene–styrene–copolymer (ABS) resin. The efficiency of the combination 
is dependent on the concentration ratio of the two additives. A study by 
Gugumus [208] found that there was synergism between light stabilisers and 
UV absorbers of the benzophenone, benzotriazole or hydroxyphenyltriazine 
classes in polypropylene and polyethylene polymers. These studies used 
accelerated weathering in their work with long period exposure.  
 
Another possibility for investigating the polymer oxidation and additives 
performances is by using chemiluminescence (CL). CL of polymers was first 
observed in 1961 by Ashby [22] and has been used to study the thermal 
degradation of polymers. The technique has been used to determine the 
degree of degradation of unstabilised polypropylene and silk [90, 165]. It has 
also been used to study the kinetics of oxidations [147, 150], to determine 
the oxidation reaction mechanism in polypropylene [188, 209] and to 
evaluate the effectiveness of antioxidants [57, 153]. However, the use of 
chemiluminescence to study material degradation is limited and it has only 
been used to evaluate the thermal degradation of polymers. 
 
A new technique, photo-induced chemiluminescence (PICL), was developed 
to study material degradation by exposure to light. The advantage of PICL is 
that it is a very simple and quick analytical technique. PICL measures free 
radical populations and the effectiveness of additive treatments in reducing 
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the free radical population of a material formed on exposure to light. This 
method has been discussed in detail elsewhere [28]. In this study, the PICL 
technique was used to determine the effectiveness of HALS, in combination 
with UV absorbers from the benzotriazole and triazine class, in preventing 
the photooxidation of polymer films. Polymer films were doped with HALS or 
UV absorbers and also in combination at various doping levels. The PICL 
technique was used to determine the degree of photostabilisation and 
possible synergistic effect of these combinations. 
 
3.2 Experimental 
3.2.1  Additives 
Three UV absorbers (Tinuvin 400, Tinuvin 1130 and Cibafast W) and two 
HALS (Tinuvin 292 and Tinuvin 123-DW) were doped into ethyl cellulose (EC) 
and methyl cellulose (MC) polymer films. Their chemical compositions are 
shown in Figure 3.2. 
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(A) 
 
Ciba Tinuvin 400 hydroxyphenyl-triazine (HPT) (UV absorbers) 
 
 
Ciba Tinuvin 292 Hindered Amine Light Stabilisers (HALS) 
 
 
Ciba Tinuvin 1130 Hydroxyphenylbenzotriazole (UV absorbers) 
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(B) 
 
Ciba Tinuvin 123-DW Hindered Amines Light Stabilisers (HALS) 
 
 
Cibafast W (UV absorbers) 
Figure 3.2: Chemical composition of additives used for ethyl cellulose (A) and 
methyl cellulose (B) polymer films 
 
 
The following antioxidants, ascorbic acid (AA), tert-butylhydroquinone 
(TBHQ), butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), 
and UV absorber, Cibafast W, were used as additives to study the thermal 
oxidation of methyl cellulose polymers. Their chemical compositions are 
shown in Figure 3.3. 
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Cibafast W 
Figure 3.3: Chemical composition of additives doped into EC polymer films 
for thermal oxidation experiments 
 
 
 
tert-butylhydroquinone (TBHQ) 
Ascorbic Acid (AA) Butylated hydroxyanisole (BHA) 
Butylated hydroxytoluene (BHT) 
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3.2.2 Polymer films 
3.2.2.1 Ethyl cellulose 
Thin films of ethyl cellulose were cast from 5% w/w polymer in 80:20 
toluene:ethanol. The polymer solution was stirred without heat until the 
polymer was fully dissolved. Fifteen grams of polymer solution was used for 
each concentration of HALS and UV absorbers. 
 
The following amounts of Tinuvin 292 (0.0003 g, 0.0005 g, 0.001 g, 0.005 g, 
0.01 g and 0.05 g) were placed into individual 15 g of polymer solution. The 
following amount of Tinuvin 400 and Tinuvin 1130 were used for each 
additive: 0.15 g, 0.3 g and 0.45 g. These additives were added to 15 g of 
polymer solution and stirred. A 90 mm Pyrex petri dish was used to cast 11 g 
of these polymer solutions and the solvent was allowed to evaporate 
overnight. 
 
The ethyl cellulose polymer film was doped with the following additives: AA, 
TBHQ, BHA, BHT and Cibafast W, at a concentration of 5 mg/100 ml for 
thermal chemiluminescence analysis. 
 
 
 
 136 
 
3.2.2.2 Methyl cellulose 
Methyl cellulose films were prepared by dissolving 0.3 g Methocel MC (Fluka) 
in 30 g water, to make a 1% w/w aqueous solution. The polymer solution was 
stirred without heat until the polymer was dissolved. Thirty grams of polymer 
solution was used for each doping level of Tinuvin 292 and Tinuvin 123-DW. 
The following amounts of additives were used: 0.001 g, 0.01 g, 0.0003 g, 
0.0005 g, 0.005 g and 0.05 g. A 90 mm Pyrex petri dish was used to cast 21 g 
of these polymer solutions and the solutions were oven dried at 40°C 
overnight. 
 
3.2.3 Photo-induced chemiluminescence (PICL) emission 
The free radical populations and decay rates of polymer following irradiation 
were assessed using a Lumipol 3 chemiluminescence (CL) instrument 
(Polymer Institute, Slovak Academy of Sciences, Bratislava), modified to allow 
in situ irradiation with selected wavelengths from a medium-pressure 
mercury arc (Lumatec SUV-DC, Lumatech GmbH, Germany) under a 
controlled atmosphere at constant temperature [28]. The 
chemiluminescence baseline was stabilised by equilibrating each sample in a 
nitrogen atmosphere before exposure. The intensities of PICL emission and 
the decay rates were compared in an oxygen atmosphere using a gas flow 
rate of 200 cm3/min at a constant temperature of 40°C. 
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3.2.4 Thermal chemiluminescence (TCL) 
Thermal chemiluminescence experiments were carried out using a Lumipol 3 
commercial photon counting instrument supplied by the Polymer Institute of 
the Slovak Academy of Sciences, Bratislava, Slovakia. All specimens used 
were placed in a 8 mm diameter aluminium pan and the pan was placed in 
the sample chamber and exposed to oxygen or nitrogen. Gas flow rates were 
maintained at 25 cm3/min throughout each experiment. Temperature ramp 
studies were carried out from 40°C to 220°C using a constant heating rate of 
2.5°C/min. 
 
3.3 Results and discussion 
3.3.1 Thermal chemiluminescence of ethyl cellulose doped with 
antioxidant 
The origin of thermal chemiluminescence (TCL) during polymer oxidation is 
believed to be due to the formation of peroxides and hydroperoxides, as 
shown in Scheme 3.2. The emission of light may occur from the excited 
carbonyl groups generated via reactions (3) and (4), usually in the region 
near 415 nm, and for some polymers may also include a contribution from 
singlet oxygen dimol emission at 634 nm and 703 nm[158, 159]. TCL of 
polymers has been discussed in Section 1.6. 
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Propagation 
P• + O2   POO
•      (1) 
POO• + PH   POOH + P•     (2) 
 
CL emission 
POO• + POO•  P'2C=O* + P"OH +O2   (3) 
POOH    [PO• + •OH]  P'2C=O* + H2O (4) 
P'2C=O*   P'2C=O + hvCL    (5) 
2POOH   POO• + PO• + H2O + hvCL   (6) 
P
•
 = Primary carbon-based polymer radicals 
Scheme 3.2: Mechanism of CL emission from polymers in the presence of 
oxygen [158] 
 
 
TCL plots of ethyl cellulose (EC) polymer films, in the range 40–220°C in 
nitrogen atmosphere are shown in Figure 3.4. In this figure are films 
containing AA (ascorbic acid), BHT (butylated hydroxytoluene), Cibafast W, 
BHA (butylated hydroxyanisole) and TBHQ (tert-butylhydroquinone). All 
samples melted (m.p. ~165-185°C) and under-went significant shrinkage 
under these conditions. The emission of CL from polymer samples in an inert 
gas, such as nitrogen, correspond to the concentration of peroxy radicals 
(POO•) and it is proportional to the hydroperoxide content [148].  
fast 
hv or Δ 
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The TCL emission from these additives, confirming that hydroperoxides were 
present in the products that were generated during their manufacturing 
process. The TCL of all doped polymer films occurs at temperatures that are 
lower than their melting points. The peak intensity for BHA was observed at 
approximately 130°C. This peak is a characteristic of polymer hydroperoxides 
[162, 164]. The peak at 130°C is similar to the peaks found in wool, silk, 
collagen and nylon [162]. TCL emission at low temperatures below 150°C in 
the absence of oxygen, are due to the thermal degradation of traces of 
oxidised species already present in the polymer [158]. Comparison CL 
intensities showed that BHA thermal stability was slightly lower than the 
other additives used in the study. The result suggested that BHA antioxidant 
does not provide thermal protection on EC polymer film. This was 
characterised by a higher peak emitted as compared to the undoped sample. 
Polymer film doped with AA had a significantly lower rate of degradation and 
a delayed onset of degradation. The second peak at higher temperatures 
may indicate the melting point of the polymers. 
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Figure 3.4: Thermal chemiluminescence of ethyl cellulose polymer in 
nitrogen 
 
 
Figure 3.5 shows the TCL of EC polymer films in an oxygen atmosphere. It 
was observed that most polymers displayed CL > 150°C. Similar behaviour is 
observed with polymers doped with BHA, BHT and TBHQ, which showed 
lower rates of oxidation and delayed onset of oxidation, until the 
temperature reached approximately 190°C. The TCL emission of these 
antioxidant products occurs at temperatures that a beyond their melting 
points. This indicated that the mobility of the hydroperoxides in the molten 
state obviously favours the reaction that is responsible for the emission. 
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Polymer films doped with Cibafast W emitted slightly more light compared to 
other treatments suggesting a lower thermal stability.  
 
 
Figure 3.5: Thermal chemiluminescence of ethyl cellulose polymer in oxygen 
 
 
The above results characterised the effectiveness of AA, BHT, BHA, TBHQ and 
Cibafast W in providing thermal protection on EC polymer films. It can be 
concluded that AA antioxidant provided the most effective thermal 
protection for EC polymer film in nitrogen and oxygen atmospheres. In 
oxygen BHT, BHA and TBHQ exhibited lower CL than the untreated polymer, 
indicating they provide some protection from thermal oxidation in EC 
polymer films. However, all polymer films melted and browned during the 
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experiments. It was observed that higher intensity emission of light was 
emitted from samples in the oxygen compared to nitrogen atmosphere. TCL 
emission from polymeric material is generated via free radical termination 
reactions, and its intensity will depend on the free radicals [162]. Under 
oxygen, oxidation takes place efficiently and the emission is enhanced with 
respect to that obtained under nitrogen. In the presence of oxygen, reaction 
(1) in Scheme 3.2 is very fast, and the relative concentration of POO• will be 
large in proportion to that of P•. The bimolecular termination of POO•, is 
therefore, predominant.  
 
3.3.2 PICL of ethyl cellulose and methyl cellulose polymer films 
doped with HALS 
The PICL technique was used to study the effectiveness of two HALS (Tinuvin 
292 and Tinuvin 123DW). Various amounts of Tinuvin 292 and Tinuvin 
123DW were doped into ethyl cellulose (EC) and methyl cellulose (MC) 
polymer solutions. Tinuvin 292 and Tinuvin 123DW have been used as heat 
and light stabilisers, oxidants and radical scavengers in polymer applications. 
The photo-protection performance of these HALS was evaluated based on 
the PICL intensity emissions from irradiated samples. PICL intensity emissions 
are related to the amount of free radical populations present and therefore 
the degree of degradation that has occurred. Free radicals are generated in 
the initiation process by the presence of heat, light and oxygen. Free radicals 
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are converted into peroxy radicals in the presence of oxygen, and 
subsequently to hydroperoxides [33]. 
 
The PICL intensity emissions and decay profiles for EC polymer films doped 
into various amounts of Tinuvin 292 are shown in Figure 3.6. 
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Figure 3.6: PICL intensity emissions of EC polymer film doped into Tinuvin 
292 irradiated with visible light (A) and UVA light (B) 
 
0 
50 
100 
150 
200 
250 
300 
350 
400 
0 200 400 600 800 
C
L
 i
n
te
n
s
it
y
 (
H
z
) 
Time (s) 
Undoped 
EC_Tinuvin292_0.001g 
EC_Tinuvin292_0.01g 
EC_Tinuvin292_0.0003g 
EC_Tinuvin292_0.005g 
EC_Tinuvin292_0.05g 
EC_Tinuvin292_0.0005g 
0 
200 
400 
600 
800 
1000 
0 200 400 600 800 
C
L
 i
n
te
n
s
it
y
 (
H
z
) 
Time (s) 
undoped 
EC_Tinuvin292_0.001g 
EC_Tinuvin292_0.01g 
EC_Tinuvin292_0.0003g 
EC_Tinuvin292_0.0005g 
EC_Tinuvin292_0.005g 
EC_Tinuvin292_0.05g 
(A) 
(B) 
 145 
 
The results illustrated that, slightly higher PICL intensity emissions were 
emitted from all EC polymer films in the presence of Tinuvin 292 when 
compared to that of undoped polymer film. This behaviour was observed in 
both UVA and visible light irradiation. Doping Tinuvin 292 into EC polymer 
films did not inhibit oxidation and increased the free radical population. It 
was believed that the colour of the film has changed allowing more 
absorption of light. To confirm this, the reflectance spectra of doped polymer 
were compared to the undoped sample as shown in Figure 3.7. However, 
there was no colour change observed on all doped EC polymer films. 
 
 
Figure 3.7: Diffuse reflectance UV–visible spectrophotometry of EC polymer 
film doped with Tinuvin 292 
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The effectiveness of Tinuvin 292 doped into MC polymer films was also 
assessed. The PICL intensity emissions of doped polymer films irradiated 
under visible and UVA light are shown in Figure 3.8. 
 
 
Figure 3.8: PICL intensity emissions of MC polymer film doped into Tinuvin 
292 irradiated with visible light (A) and UVA light (B) 
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While Tinuvin 292 appeared to be ineffective as a photostabiliser in EC 
polymer films, it successfully reduced the free radical populations in MC 
polymer films. All doped samples exhibited lower PICL intensity emissions 
during irradiation under visible light compared to undoped films. The results 
suggested that Tinuvin 292 doped into MC polymer films acts as photo-
protector under irradiation with visible light. Under irradiation of UVA light, a 
low PICL intensity emission was observed in the presence of 0.0006g of 
Tinuvin 292. However, the other doping levels emitted higher PICL intensity 
than that of the undoped sample. From these observations, it can be 
concluded that Tinuvin 292 doped with EC polymer film acts as a photo-
initiator and when doped in MC polymer film, acts as a photostabiliser. 
Clearly, the performance of Tinuvin 292, as photostabiliser or photo-initiator 
was influenced by polymer type. 
 
MC polymer films were also doped with Tinuvin 123DW, a water-soluble 
HALS. The efficiency of this additive as a photostabiliser was assessed under 
UVA and visible light irradiation. Results from PICL intensity emissions of MC 
polymer films doped into Tinuvin 123DW are shown in Figure 3.9. The PICL 
intensity of doped samples under irradiation of visible light showed very 
small differences when compared to the undoped sample.  
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Figure 3.9: PICL intensity of MC polymer film doped into Tinuvin 123DW 
irradiated with visible light (A) and UVA light (B) 
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It was observed that the effectiveness of Tinuvin 123DW as a photostabiliser 
was dependent on the doping level. The doping amount of Tinuvin 123DW in 
MC polymer film has considerable impact on photostabiliser performance. 
The most effective photo-protection was reached at a doping level of 0.006g 
of Tinuvin 123DW. Therefore, the results suggest that at higher levels of 
Tinuvin 123DW effective photo-protection on polymer films under irradiation 
with visible light is provided. However, under irradiation of UVA light, the 
same doping level of Tinuvin 123DW does not provide adequate photo-
protection on MC polymer films. MC polymer films doped with HALS at levels 
of 0.0003g emitted the lowest PICL intensity emissions, compared to the 
other doping levels. Tinuvin 123DW at this doping level effectively controlled 
free radical populations on the irradiated polymer samples. 
 
PICL intensity emissions of polymer films doped with Tinuvin 292 and Tinuvin 
1130DW illustrated that their efficiencies as photostabilisers were influenced 
by several factors. These factors include polymer type, additive levels and 
exposure conditions. 
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3.3.3 PICL emissions of ethyl cellulose and methyl cellulose 
polymer films doped with UV absorbers 
PICL was used to assess the ability of Tinuvin 400 and Tinuvin 1130 (UV 
absorbers) to reduce the free radical populations in irradiated polymer films. 
Different levels of these UV absorbers were doped into ethyl cellulose (EC) 
films. The results are shown in Figure 3.10. It was observed that EC films 
doped with 0.45 g of Tinuvin 1130 reduced the free radical population 
emitted under visible light. It was also observed that Tinuvin 1130 provided 
greater photo-protection compared to Tinuvin 400 when irradiated with 
visible light. The results suggest that a higher doping level of Tinuvin 1130 
resulted in a lower rate of polymer photooxidation. As expected, both 
Tinuvin 400 and Tinuvin 1130 significantly reduced free radical populations 
when irradiated with UVA light. This was observed by lower PICL emission 
intensity of doped samples compared to the undoped sample. 
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Figure 3.10: PICL intensity of EC polymer film doped into Tinuvin 400 and 
Tinuvin 1130 irradiated with visible light (A) and UVA light (B) 
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PICL was used to assess the effectiveness of MC polymer doped with 5 mg of 
Cibafast W (UV absorber) under UVA and visible light irradiation. The result is 
shown in Figure 3.11. The incorporation of Cibafast W in MC polymer film has 
a small effect on the reduction of free radical populations when irradiated 
with UVA light. This behaviour was also observed under visible light 
irradiation. 
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Figure 3.11: PICL intensity of MC polymer film doped into Cibafast W 
irradiated with visible light (A) and UVA light (B) 
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3.3.4 Synergism of HALS and UV absorbers 
3.3.4.1 Synergism of ethyl cellulose doped with Tinuvin 292/400 
combination 
The PICL technique was used to study the synergistic effect of HALS in 
combination with UV absorbers. Ethyl cellulose (EC) polymer films doped 
with a combination of Tinuvin 292 and Tinuvin 400 were assessed for their 
suitability for photo-protection, under UVA and visible light irradiation. 
 
The PICL intensity emissions of EC polymer films doped with a combination of 
Tinuvin 292/400 are shown in Figure 3.12. Samples containing a combination 
of Tinuvin 292/400 appeared to reduce free radical populations under UVA 
light. 
 
Antagonism was observed on EC polymer films doped with the Tinuvin 
292/400 combination irradiated with visible light. This was supported by the 
higher rate of free radical populations emitted in the doped polymers 
compared to the undoped polymer. This suggested that the combination 
does not appear to have any photo-protective effect. 
 
From these results, it can be suggested that there is synergism between 
Tinuvin 292 and Tinuvin 400 when irradiated under UVA light. Lower PICL 
intensity observed under UVA irradiation from Tinuvin 290/400 combination 
 155 
 
was contributed by UV absorber (Tinuvin 400) photostabilising mechanisms. 
The presence of Tinuvin 400 had reduced free radical population (Figure 
3.10) and Tinuvin 290 alone does not (Figure 3.6).  
 
Lower PICL intensity peak was observed in the combination of Tinuvin 
292/400 when irradiated under visible light but emitted higher baseline than 
undoped sample. Single application of both; Tinuvin 292 and Tinuvin 400 as 
shown in Figure 3.6 and Figure 3.10 respectively, showing higher PICL 
intensity than a control. It was assumed that this probably a different free 
radicals than undoped sample.  
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Figure 3.12: PICL intensity of EC polymer film doped into HALS (Tinuvin 292) 
and UV absorbers (Tinuvin 400) irradiated with UVA light (A) and visible light 
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3.3.4.2 Synergism of ethyl cellulose doped with Tinuvin 
292/1130 combination 
PICL intensities of EC polymer films doped with Tinuvin 292 (HALS) and 
Tinuvin 1130 (UV absorbers) of the hydroxyphenyl benzotriazole class are 
shown in Figure 3.13. This combination appeared to effectively control the 
free radical population when irradiated with UVA light. The presence of 
Tinuvin 1130 (UV absorber) contributed to reduced free radical population to 
this combination as at single application of Tinuvin 1130 exhibited lower PICL 
intensity than a control (Figure 3.10). Similar observation to combination of 
Tinuvin 292/400 can be seen in the combination of Tinuvin 292/1130. Tinuvin 
292/1130 combination appeared to impair photo-protection and generate 
more free radicals on exposure to visible light. Lower PICL peak but increased 
intensity in baseline was observed when compared to undoped sample.  
 
The synergistic effect of HALS and UV absorbers is determined by the 
individual performances of these additives. The combination of Tinuvin 292 
and Tinuvin 1130 exhibited opposite photo-protection performance when 
irradiated with UVA and visible light. This behaviour is possibly due to the 
photostability of Tinuvin 292. 
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Figure 3.13: PICL intensity of EC polymer film doped into HALS (Tinuvin 292) 
and UV absorbers (Tinuvin 1130) irradiated with UVA light (A) and visible 
light (B) 
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3.3.4.3 Synergism of methyl cellulose doped with Tinuvin 
123DW/Cibafast W combination 
The PICL technique was used to study the synergism of methyl cellulose (MC) 
doped with Tinuvin 123DW/Cibafast W. MC polymer films doped with a 
combination of Tinuvin 123DW and Cibafast W were assessed for their 
suitability for photo-protection, under UVA and visible light irradiation. Only 
one level of Cibafast W (5mg) was used in all combinations. The results are 
shown in Figure 3.14. 
 
There were no significant differences in PICL intensity emitted from Tinuvin 
123DW/Cibafast W combination. However, the result shows that the 
polymer containing 0.0003g of Tinuvin 123DW and 0.005g of Cibafast W 
emitted the lowest PICL intensity emissions compared to the other doping 
levels. This doping level was found to be the most effective combination in 
reducing the free radical population emitted when irradiated with UVA light. 
 
Under visible light irradiation, all combinations of Tinuvin 292 and Tinuvin 
123DW emitted slightly lower PICL intensity emissions than the undoped 
sample. The result shows that these combinations successfully reduced the 
free radicals population on irradiated polymers. 
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Figure 3.14: PICL intensity of MC polymer film doped into HALS (Tinuvin 
123DW) and UV absorbers (Cibafast W) irradiated with UVA light (A) and 
visible light (B) 
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3.4 Summary 
The photostabilisation and synergistic effects of UV absorbers and HALS 
doped into ethyl cellulose and methyl cellulose polymer films have been 
studied by using the PICL technique. Their performances were assessed 
based on the PICL intensity emitted from the irradiated samples. A higher 
PICL emission intensity implies an increased of free radical population. The 
effectiveness of HALS and UV absorbers used in the study was found to be 
dependent on the irradiation source, polymer type and doping level of the 
additive. The effectiveness of Tinuvin 292 (HALS) as photostabiliser to inhibit 
free radical populations may affected by the colour change observed after 
doping process. 
 
The combination of HALS and UV absorber does not always have a positive 
effect on the photostabilisation of polymers. The doping level of HALS and 
UV absorbers affects their photo-protection performance. A synergism was 
found with combinations of Tinuvin 292 (HALS) and Tinuvin 1130 (UV 
absorbers, Triazine class) and Tinuvin 292 and Tinuvin 400 (UV absorber, 
hydroxyphenyl benzotriazole class), when irradiated with UVA light. UV 
absorber was the major contributor to the effectiveness of these 
combinations. Results also showed that combinations of Tinuvin 292 (HALS) 
and Tinuvin 1130 and Tinuvin 292 and Tinuvin 400 (UV absorbers) acted as 
antagonists when irradiated with visible light. 
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CHAPTER 4. THE EFFECT OF DYES, PRO-
OXIDANTS AND PHOTOINITIATOR ON THE 
OXIDATIVE DEGRADATION OF POLYMER 
FILMS 
 
4.1 Introduction 
Discarded synthetic plastic packaging will endure in the environment for 
many years, leading to serious environmental problems. Plastic materials 
represent the largest volume of solid waste due to their relatively low 
density. Most synthetic plastics take decades to degrade, although some 
synthetic plastics like polyester, polyurethane, polyethylene with a starch 
blend, are biodegradable. The increased use of plastics, their longevity and 
their negative impact on the environment have promoted worldwide 
research in the area of polymer degradation. A previous study indicated that 
the reduction of the impact of non-degradable plastics on the environment 
requires research into the following mechanisms: photo-degradation, 
environmental erosion and thermal degradation [210]. The degradation of 
waste plastics through various mechanisms is one of the techniques that can 
be used to deal with such problems [211, 212]. For this reason, several 
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attempts have been made towards the preparation of degradable natural or 
synthetic polymers or natural/synthetic blends [213-215]. 
 
The fundamental Grotthus-Draper law of photo-chemistry states that 
photochemical reactions only occur via absorption of radiation [36]. 
Coloured materials absorb to visible radiation and near-infrared radiation, 
and may accelerate thermal chemical reactions by raising the material 
temperature. Light-induced fading of dyes, in the presence of air, usually 
involves oxidation and photooxidation reactions. These reactions may 
involve oxygen free radicals, singlet oxygen or superoxide ions [216]. There 
are many different reaction pathways to the light-excited dye molecule, such 
as ionisation, dissociation into free radicals, oxidation, reduction and 
isomerisation [217]. 
 
The disintegration of polyethylene (PE) packaging can be achieved by the use 
of transition metal compounds which act as a pro-oxidant or catalyst via 
photo-oxidative processes. The presence of pro-oxidants results in higher 
degradation rates in PE film [87, 218, 219] which contributes to the initiation 
and propagation of radical reactions as shown in Scheme 4.1. These 
substances can be various complexes of transition metals, particularly Fe, Co 
and Mn [86, 220, 221], and can increase the rate of oxidation under the 
influence of light, heat and oxygen [219]. 
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•
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•
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Scheme 4.1: Sequence of reactions that occur during the oxidation of PE 
[222] 
 
Transition metals can exhibit variable oxidation states, and it is this 
characteristic property that is responsible for their pro-oxidant behaviour. An 
early study by Oster et al. [223] found that the photoreduction of metal ions 
can be affected by visible light by using a dye as a sensitiser. Sipinen and 
Rutherford [91] studied the effect of a number of different types of metal 
salts on the degradation of PE. Manganese sulfate, cobalt and copper salts 
were reported to act as effective oxidation catalysts when combined with 
unsaturated elastomer. They also concluded that the rate of degradation is 
determined by the type of transition metal, the amount of antioxidant and 
the temperature. 
 
The early detection of degradation in materials requires highly sensitive 
analytical techniques. A commercial TCL instrument (Lumipol 3) has been 
modified to allow in situ sample irradiation under a controlled atmosphere at 
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constant temperature [28]. The Lumipol 3 is a commercial photon counting 
instrument supplied by the Polymer Institute of the Slovak Academy of 
Sciences, Bratislava, Slovakia, and is normally used to measure the thermal 
chemiluminescence of solid materials. A design modification was carried out 
to allow in situ sample irradiation under a controlled atmosphere at constant 
temperature. Photo-induced chemiluminescence (PICL) is a simple and 
sensitive alternative method for studying free radical reactions in synthetic 
and biological organic materials which emit weak chemiluminescence (CL) 
when they undergo oxidative degradation. Polymeric materials emit CL as a 
result of free radicals formed during exposure to light in the presence of 
atmospheric oxygen. CL intensity can be used as an indicator of the degree of 
free radical oxidation occurring in polymer and biopolymers [28]. 
 
This study used the PICL technique to assess the effectiveness of two 
xanthene dyes as sensitisers. The role of transition metal ions, as pro-
oxidants, in photooxidative and thermo-oxidative degradation of polymer 
films was also studied. Irgacure2959 was used as a photoinitiator for the 
photooxidation of polymer films. The degradation rate was characterised by 
PICL intensity emissions of irradiated polymer films. 
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4.2 Experimental 
4.2.1 Methyl cellulose 
Thin films of methyl cellulose were cast by dissolving 0.3g of methocel MC 
(Fluka) in 30g of deionised water to make a 1% w/w aqueous solution. 
Polymer solutions were doped with dyes at different levels. The polymer 
solutions were stirred by a magnetic stirrer until the dye was fully dissolved. 
Polymer films were cast by pouring 21 g of this solution into a 90 mm 
diameter Pyrex petri dish. The polymer solutions were placed in a fan-free 
incubator at 40°C overnight to dry. 
 
4.2.2 Dyes 
Two xanthene dyes, Eosin Y (Acid Red 87) and Fluorescein (Acid Yellow 73), 
were used in the study. These dyes are classed as fugitive dyes and exhibit a 
very low lightfastness rating when applied on textiles. These dyes were 
doped into methyl cellulose solution at the following levels: 20 mg, 10 mg, 2 
mg, 1 mg, 0.3 mg and 0.1 mg. The structure of the dyes is shown in Figure 
4.1. 
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Figure 4.1: Structure of the dyes 
 
 
4.2.3 Transition metal ions 
MC polymer films were doped with 20 mg of a range of eight transition metal 
ions. These transition metal ions act as pro-oxidants. The metal ions used are 
listed in Table 4.1. 
 
 
 
 
 
 
 
 
 
 
Fluorescein 
 
Eosin Y 
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Metal Salt 
Vanadyl sulphate (V) 
Chromic chloride (Cr) 
Manganese sulfate (Mn) 
Iron (II) sulfate heptahydrate (Fe) 
Cobaltous chloride (Ni) 
Nickel chloride (Ni) 
Copper (II) sulfate pentahydrate (Cu) 
Zinc sulphate (Zn) 
Table 4.1: The metal ions used as pro-oxidants 
 
 
4.2.4 Photoinitiator 
Ethyl and methyl cellulose polymer films were doped with Irgacure 2959. 
Irgacure2959 was used as a photoinitiator. The following levels of Irgacure 
2959 were used: 100 mg, 30 mg, 20 mg, 10 mg, 3 mg, 2 mg and 1 mg. The 
structure is shown in Figure 4.2. 
 
 
Figure 4.2: Structure of Irgacure 2959 
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4.2.5 Diffuse reflectance 
The absorption spectra were recorded with a Cary 300 UV-visible 
spectrophotometer fitted with a DRA-CA-301 integrating sphere accessory 
(Labsphere, New Hampshire, USA). The absorption spectra of the polymer 
films were measured between 250 nm and 850nm. 
 
4.2.6 Photo-induced chemiluminescence (PICL) emission 
The free radical populations and decay rates of polymer films following 
irradiation were measured using a Lumipol 3 chemiluminescence (CL) 
instrument (Polymer Institute, Slovak Academy of Sciences, Bratislava), 
modified to allow in situ irradiation with selected wavelengths from a 
medium-pressure mercury arc (Lumatec SUV-DC, Lumatech GmbH, 
Germany). The chemiluminescence baseline was stabilised by equilibrating 
each sample in a nitrogen atmosphere before exposure. The intensities of 
PICL emission and the decay rate were compared in an oxygen atmosphere 
using a gas flow rate of 200 cm3/min at a constant temperature of 40°C. 
 
4.2.7 Thermal chemiluminescence (TCL) 
Thermal chemiluminescence experiments were carried out using a Lumipol 3 
commercial photon counting instrument supplied by the Polymer Institute of 
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the Slovak Academy of Sciences, Bratislava, Slovakia. All specimens used 
were put into an aluminium pan with a diameter of 8 mm, which was placed 
in the test chamber and exposed to the oxygen or nitrogen. Gas flow rates 
were maintained at 25 cm3/min throughout each experiment. Temperature 
ramp studies were carried out from 40°C to 220°C using a constant heating 
rate of 2.5°C/min. 
 
4.3 Results and discussion 
4.3.1 PICL intensity of xanthene dyes 
Photoreduction of dye or pigment can accelerates the breakdown in 
molecular structure of a polymer substrate [224]. Breakdown may involve a 
reduction in molecular weight or possibly crosslinking of the polymer. The 
fading of the dye is likely to be the effect of excited singlet oxygen on the dye 
molecule [225, 226]. The photooxidation process is initiated by electron 
ejection from a photoexcited dye cation, quenched by ground state 
molecular oxygen to form excited singlet oxygen. The singlet oxygen is then 
reacts with polymer, forming a hydroperoxide which may then induce 
oxidative degradation of the polymer as shown in  
Scheme 4.2. Reactions (1–3) occur primarily under dry conditions while (4) 
and (5) occur under wet conditions. 
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D  1D*  3D     (1) 
3D* + 3O2   D + 
1O2      (2) 
1O2 + P―H (Polymer)   Oxidation products   (3) 
1O2 + 2H2O  2H2O2      (4) 
H2O2 + P―H  Oxidation products    (5) 
Scheme 4.2: mechanism of dye fading [225, 226]. 
 
When a dye acts as a photosensitiser, it increases the rate of material 
degradation. Dyes may also function as a photoprotectors, which inhibit 
photochemical changes in the material. Work in this section is to examine 
the role of two xanthene dyes in promoting photodegradation of polymer 
films. The lightfastness properties of xanthene dyes applied on textiles are 
poor and often fugitive. Gantz and Sumner [64] stated that UV radiation is a 
major factor in the fading of the dyes with low lightfast ratings, particularly 
yellow and orange. However, fugitive and natural dyes are more susceptible 
to fading by visible light irradiation [227, 228]. 
 
The effect of dye level on chemiluminescence emission was studied using the 
PICL technique. MC film doped with fluorescein and eosin Y dyes were 
irradiated under UVA and visible light for 2 minutes at 40°C. The dye levels 
ranged from 0.1 mg to 20 mg. Results from photooxidation of fluorescein and 
eosin Y dye are shown in Figure 4.3 and Figure 4.4 respectively.  
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Figure 4.3: PICL intensity of fluorescein dye irradiated with UVA (A) and 
visible light (B) for 2 minutes at 40°C 
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Figure 4.4: PICL intensity of eosin Y dye irradiated with UVA (A) and visible 
light (B) for 2 minutes at 40°C 
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When fluorescein and eosin Y dyes in MC film were irradiated under UVA and 
visible light, very high PICL intensity emissions were observed compared to 
the undoped polymer. Although the CL intensity for both dyes in MC were 
high when irradiated under UVA light, both dyes were more sensitive to 
visible light. The lowest PICL intensity emissions were observed on 
fluorescein and eosin Y dyes doped at 20 mg, irradiated under UVA and 
visible light. This implies a reduction of free radical populations. At doping 
levels of 20 mg, free radical populations were significantly lower than the 
other levels. Interestingly, dye level does not relate to the doping level. It 
was observed that a doping level of 2mg emits the highest PICL intensity 
emissions. The results shows that, at a doping levels of 2 mg, both 
fluorescein and eosin Y dyes initiated higher free radical populations 
compared to the other doping levels used in this study. This suggested that 
for fluorescein and eosin Y dyes to perform as a sensitiser, the optimum 
doping level is 2 mg. Most sensitisers have an optimum concentration for 
free radical generation in polymers, and this will depend on a number of 
factors including the frequency of side reactions due to clustering of the dye 
at higher concentrations [31]. 
 
UV-visible absorbance spectra of the doped polymer films are shown in 
Figure 4.5. The absorbance in the visible range is proportional to the doping 
level of dye. 
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Figure 4.5: UV–Vis absorbance spectra of fluorescein (A) and eosin Y   (B) 
dyes at various doping levels 
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4.3.2 Thermal chemiluminescence of polymer films doped with 
xanthene dyes 
The thermal degradation of polymer films doped with fluorescein and eosin Y 
dyes was carried out by heating the samples and measuring CL emissions. 
The CL emission related to the hydroperoxide content or other reactive 
degradation product intermediates, which are sensitive to thermal 
decomposition. Higher thermal chemiluminescence (TCL) emission is related 
to higher formation of oxidised products and a rapid thermal degradation 
can be expected. TCL curves of polymer films doped with fluorescein dye 
under a nitrogen and oxygen atmosphere are shown in  
Figure 4.6 and Figure 4.7 respectively.  
 
It was observed that the thermal degradation of doped polymer films was 
dependent on the dye doping level. The TCL intensity emissions of undoped 
polymer indicated that degradation commences at a temperature of 165°C in 
nitrogen atmosphere. Fluorescein dye doped at 2 mg exhibited onset 
thermal degradation at temperatures as low as 40°C. The TCL peak was 
observed at 80°C. As the temperature increases the TCL was decreases 
indicated slower rate of thermal degradation. A second peak was observed 
when the temperature reached 200°C indicated a different thermal 
degradation product. Fluorescein dye doped at 0.3 mg showed the onset of 
thermal degradation at higher temperature, at 150°C and increase in CL 
intensity until reaches 220°C.  
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In oxygen atmosphere (Figure 4.7) higher CL intensity was observed when 
compared to nitrogen atmosphere. TCL intensity of doped polymers shows 
that doping levels of 1 mg and 2 mg have very similar behaviour up to 180°C. 
The onset thermal degradation of these doped films can be observed at 70°C. 
At temperature above 180°C, doping levels of 0.3 and 0.1 mg produces the 
highest CL intensity. The lower CL intensity of doped polymer films compared 
to the undoped sample reflects their superior thermal stability. This was 
observed in polymer film doped at 20 mg.  
 
These results demonstrate that the thermal degradation of polymer films 
doped with fluorescein dye was more rapid in an oxygen atmosphere 
compared to a nitrogen atmosphere, which is not surprising. Raising 
temperature in the presence of oxygen led to rapid oxidation of polymer 
films. It is apparent that more rapid degradation of polymers can be obtained 
by optimising sensitiser levels and exposure conditions. 
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Figure 4.6: TCL of polymer films doped with fluorescein dye at various doping 
levels in nitrogen atmospheres (A) in the temperature range of 40–220°C (B) 
in the temperature range of 40–180°C 
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Figure 4.7: TCL of polymer films doped with fluorescein dye at various doping 
levels in oxygen atmospheres (A) in the temperature range of 40–220°C (B) in 
the temperature range of 40–180°C 
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The TCL of polymer films doped with eosin Y dye in the range 40–220°C 
under nitrogen and oxygen atmospheres are shown in Figure 4.8. Again, the 
TCL emission of polymer films doped with eosin Y was higher in oxygen 
atmosphere. In nitrogen atmosphere, polymer film doped with eosin Y dye at 
0.1 mg showed a sigmoidal increase in CL emission up to 160°C, similar to 
undoped film. Polymer film doped with 0.3 mg of eosin Y dye exhibited the 
highest CL intensity in a nitrogen and oxygen atmosphere with oxidation 
temperature started at 120°C. Result from CL emission indicated that the 
most effective doping level of Eosin Y dye in a nitrogen atmosphere is 0.3 mg. 
 
The TCL intensity emissions of polymer films doped with eosin Y dye were 
much lower than those with fluorescein dye. Eosin Y dye delayed the thermal 
degradation process until it reached approximately 120°C. This was observed 
in both nitrogen and oxygen atmospheres. The function of these dyes as 
sensitiser was dependent on doping level and exposure conditions. These 
results show that fluorescein and eosin Y act as sensitisers for promoting the 
thermal degradation of polymer films. Rapid thermal degradation in oxygen 
atmosphere can be achieved by doping fluorescein dye in polymer films 
under irradiation of visible light.  
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Figure 4.8: TCL of Eosin Y dye at various doping levels in nitrogen (A) and 
oxygen (B) atmospheres 
0 
1000 
2000 
3000 
4000 
5000 
6000 
7000 
40 60 80 100 120 140 160 180 200 220 
C
L
 i
n
te
n
s
it
y
 i
n
 n
it
ro
g
e
n
 (
H
z
) 
Temperature (°C) 
Undoped 
Eosin Y_20mg 
Eosin Y_10mg 
Eosin Y_2mg 
Eosin Y_1mg 
Eosin Y_0.3mg 
Eosin Y_0.1mg 
0 
20000 
40000 
60000 
80000 
100000 
120000 
40 60 80 100 120 140 160 180 200 220 
C
L
 i
n
te
n
s
it
y
 i
n
 o
x
y
g
e
n
 (
H
z
) 
Temperature (°C) 
Undoped 
Eosin Y_20mg 
Eosin Y_10mg 
Eosin Y_2mg 
Eosin Y_1mg 
Eosin Y_0.3mg 
Eosin Y_0.1mg 
(A) 
(B) 
 182 
 
4.3.3 PICL intensity of metal ions doped into methyl cellulose 
(MC) polymer films  
The ability of transition metal ions, as oxidation catalysts, to increase the 
photo-degradation of methyl cellulose polymer film was examined. The PICL 
emission of polymer films doped with transition metal ions were measured 
under UVA and visible light irradiation. Figure 4.9 shows the PICL intensity of 
doped polymer films under irradiation of visible light. Undoped polymer film 
exhibited higher PICL emission compared to all metal-ion-doped samples 
under visible light irradiation. This may be associated with the decomposition 
of hydroperoxides (POOH) in the presence of these transition metal ions. 
 
Polymer film containing copper (II) sulfate exhibited a slightly higher PICL 
intensity emission compared to the undoped sample when irradiated with 
UVA light (Figure 4.10). This may indicate the higher efficiency of copper (II) 
sulfate in producing free radical compared to other metal ions and therefore 
acting as a prooxidant. All the other metal ions used (V, Cr, Mn, Fe, Co, Ni, 
Zn) resulted in a decreased oxidation rate and lower PICL emission intensity. 
The results indicate that these metal ions are not capable of initiating or 
accelerating the oxidation process in MC polymer films. 
 
The PICL intensity of polymer films doped with metal ions can be used to 
determined their suitability as pro-oxidants when irradiated with visible and 
UVA light.  
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Figure 4.9: PICL emission from MC polymer film doped with metal ions and 
irradiated with visible light for 2 minutes at 40°C 
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Figure 4.10: PICL emission from MC polymer film doped with metal ions and 
irradiated with UVA light for 2 minutes at 40°C 
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4.3.4 PICL emissions from ethyl cellulose and methyl cellulose 
films doped with photoinitiator 
Photoinitiators can be used to promote the photodegradation of polymers. 
The effect of photoinitiators on the production of free radicals has been 
investigated. Various levels of Irgacure 2959 were doped into methyl 
cellulose (MC) and ethyl cellulose (EC) polymer films. Samples were 
irradiated under UVA and visible light for 2 minutes at 40°C. The presence of 
free radical populations was measured by using PICL. The PICL emission of EC 
polymers film doped with Irgacure 2959 are shown in Figure 4.11 for 
irradiation with UVA light and Figure 4.12 for irradiation with visible light. 
 
The PICL intensity emissions of EC polymer films doped with Irgacure 2959 
clearly show that it performs as a photoinitiator by increasing the PICL 
emission intensity, indicating higher free radical. Higher PICL intensities were 
observed for all doping levels compared to the undoped sample. Similar 
behaviour was observed under UVA and visible light irradiation. PICL 
emissions were much higher using UVA irradiation compared to visible light. 
The results indicate that Irgacure 2959 has the ability to generate free radical 
populations and accelerate the oxidation process in EC polymer films. Results 
obtained from PICL indicated that Irgacure 2959 is an effective 
photoinitiator. This study showed that PICL is a sensitive technique for 
demonstrating free radical photodegradation in polymer films. 
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Figure 4.11: PICL emission of EC polymer films irradiated with UVA light for 2 
minutes at 40°C 
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Figure 4.12: PICL emission of EC polymer films irradiated with visible light for 
2 minutes at 40°C 
0 
500 
1000 
1500 
2000 
0 200 400 600 800 
C
L
 i
n
te
n
s
it
y
 (
H
z
) 
time (s) 
Undoped 
IRG2959_100mg 
0 
500 
1000 
1500 
2000 
0 200 400 600 800 
C
L
 i
n
te
n
s
it
y
 (
H
z
) 
time (s) 
Undoped 
IRG2959_20mg 
0 
500 
1000 
1500 
2000 
0 200 400 600 800 
C
L
 i
n
te
n
s
it
y
 (
H
z
) 
time (s) 
Undoped 
IRG2959_3mg 
0 
500 
1000 
1500 
2000 
0 200 400 600 800 
C
L
 i
n
te
n
s
it
y
 (
H
z
) 
time (s) 
Undoped 
IRG2959_1mg 
0 
500 
1000 
1500 
2000 
0 200 400 600 800 
C
L
 i
n
te
n
s
it
y
 (
H
z
) 
time (s) 
Undoped 
IRG2959_30mg 
0 
500 
1000 
1500 
2000 
0 200 400 600 800 
C
L
 i
n
te
n
s
it
y
 (
H
z
) 
time (s) 
Undoped 
IRG2959_10mg 
0 
500 
1000 
1500 
2000 
0 200 400 600 800 
C
L
 i
n
te
n
s
it
y
 (
H
z
) 
time (s) 
Undoped 
IRG2959_2mg 
 188 
 
Irgacure 2959 was also doped into methyl cellulose (MC) polymer films. The 
polymer films were irradiated under visible and UVA light and are shown in 
Figure 4.13 and Figure 4.14 respectively. PICL emission of irradiated polymers 
is accelerated in the presence of oxygen. Light and temperature are the main 
initiators of polymer degradation via the production of free radicals which 
react with oxygen, and as a result hydroperoxides groups are formed. 
Peroxides play an important role in the photo-degradation of most polymers 
[37]. 
 
The results show that when Irgacure 2959 is irradiated under UVA and visible 
light, it initiates the oxidation process of polymer films determined by PICL 
emission intensity. Higher PICL intensity was observed under visible light 
irradiation indicated that Irgacure 2959 is sensitive to visible light. Higher 
PICL emissions indicate the ability of Irgacure 2959 to form hydroperoxides, 
leading to the generation of free radicals. The results also indicate that the 
performance of Irgacure 2959 as a photoinitiator was influenced by several 
factors. These factors includes source of radiation, polymer type and initiator 
doping levels. 
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Figure 4.13: PICL intensity of MC polymer films irradiated with visible light for 
2 minutes at 40°C 
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Figure 4.14: PICL intensity of MC polymer films irradiated with UVA light for 2 
minutes at 40°C 
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4.4 Summary 
This study showed the role of xanthene dyes, metal ions and a photoinitiator 
in promoting photodegradation of ethyl cellulose (EC) and methyl cellulose 
(MC) polymer films. Their performance was evaluated using PICL emission 
obtained following UVA and visible light irradiation. The onset thermal 
degradation of these doped polymers is clearly dependent on the doping 
level. Experimental work carried out on EC and MC polymer films doped with 
fluorescein and eosin Y dye have shown that these dyes can be used as 
photo-sensitisers and this could be a promising approach for rapid 
decomposition by sunlight. Even at very low levels, these dyes are able to 
promote free radical generation that accelerates the degradation rate of the 
polymer films. PICL also determined that these dyes are more sensitive to 
irradiation with visible light compared to UVA light. 
 
The performance of eight metal ions doped into polymer films as potential 
photocatalysts was assessed and the results showed that only copper (II) 
sulfate led to increased formation of hydroperoxides. This was observed by 
higher PICL emission under UVA light irradiation. 
 
It was also concluded that Irgacure 2959 acts as a photoinitiator and could be 
used to accelerate the degradation of these polymer. It could potentially be 
used in the natural environment as a degrading agent, which would 
contribute to the reduction of environmental waste load. The degradation 
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rate offered by these additives was dependent on several factors: initiator 
levels, light source and polymer type. 
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CHAPTER 5. CHARACTERISATION OF THE 
AGEING OF PURE CELLULOSE PAPER 
 
5.1 Introduction 
Paper degradation over time is a serious problem with respect to museum 
collections and historical documents. It is well known that light exposure is a 
serious threat to the conservation of historical artefacts. Illumination sources 
in museums can accelerate the deterioration of displayed materials. Heat 
resulting from illumination may also be a contributing factor to degradation. 
This degradation can occur in the form of discoloration, fading, blackening of 
paper and the alteration of the dye/pigment colour [229-233]. 
 
Factors that contribute to material deterioration must be identified in order 
to control the consequential damage when storing or exhibiting historical 
artefacts. This process requires some degree of estimation and judgement 
based on relative magnitudes of different risks to a collection [234]. Efforts to 
minimise damage are often aimed at controlling light intensities and display 
schedules, with the intent of reducing material degradation and colour 
fading as much as possible. To evaluate the durability of materials used in 
historical artefacts, accelerated ageing is often used. These tests are carried 
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out to speed up the degradation of materials, to establish their chemical 
stability and physical durability. Material properties are evaluated and 
measured to indicate the extent of ageing. The evaluation usually focuses 
upon a physical change of materials, such as loss of tensile strength, adhesive 
strength, or folding endurance. Feller [235] presented a rough estimate of 
possible testing times for materials having different classes of thermal 
stabilities. The estimation was based on the crude approximation that rate of 
deterioration would double for an increase in temperature of 10°C. The study 
also found that heating paper for 72 hours at 100°C is equivalent to about 25 
years of ageing under normal conditions [235]. 
 
In order to develop stabilising treatments, knowledge of the degradation 
chemistry of cellulose is significantly important. Degradation through 
chemical changes of the macromolecules could have two consequences: loss 
of physical properties and change in appearance. Factors such as 
endogenous (pH, metal ions, lignin, degradation products); and exogenous 
(heat, humidity, oxygen, light, pollution) may affect paper stability [236]. The 
degradation mechanisms involved in the degradation of paper such as 
hydrolysis, oxidation, thermal degradation, acid-catalysed hydrolysis and 
cross-linking has been discussed [237-241]. However, the relative rates of 
these reactions are not known and their contributions to cellulose 
degradation have not been established. Analysis of cellulose paper 
degradation is complex, as the factors affecting it are interrelated. 
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Research on the effects of light on cellulose paper has commonly been 
conducted on Whatman filter paper as a relatively pure source of cellulose. 
Whitmore and Bogaard [242] characterised the hydrolytic and oxidative 
degradation of Whatman no. 42 filter paper. The filter paper degradation 
was studied under a variety of conditions: chemical degradation (using 
mineral acid, hypochlorite and hydrogen peroxide), light exposure (UVA and 
daylight fluorescent) and oven ageing(humid oven – at 90°C with 50%RH and 
80°C with 65%RH, dry oven – 90°C and 105°C). They measured the carbonyl 
content, chain scission and the decrease in degree of polymerisation of the 
cellulose chain. Whitmore and Bogaard [243] also characterised the cellulose 
oxidation reaction by measuring the ratio of carbonyls and carboxyls formed 
to the number of chains broken during oxidation. Lee et al. [244] studied the 
effect of light on various papers, comparing Whatman no. 42 filter paper to 
papers made from groundwood pulp and unbleached pulp. They found that 
the aged filter paper was bleached by exposure to a Xenon arc and daylight 
fluorescent lamp. 
 
As discussed earlier in Chapter 1, oxidation of polymers and other organic 
materials is often accompanied by a faint emission of light known as 
chemiluminescence (CL). Since CL has a high sensitivity to oxidative 
degradation, CL measurements have been used as a tool for the evaluation 
of the thermal stability of polymeric materials [22, 135, 245]. CL originates 
from side reactions of peroxy radical and hydroperoxide intermediates, 
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which are formed during the auto-oxidation chain reaction proposed by 
Bolland-Gee due to free radical processes [48]. CL techniques have been 
widely used to study the thermal degradation of polymers, but their 
application to the photo-degradation of other materials has been limited. 
With the modification of thermal chemiluminescence (TCL) instruments to 
allow in situ sample irradiation at wavelength in the range 320–700 nm 
under a controlled atmosphere at constant temperature, CL technique can 
be used to the study of degradation of materials [28]. A weak photo-induced 
chemiluminescence (PICL) emission can be measured to monitor materials 
photo-oxidation. 
 
The following work examines the effects of thermal oxidation and photo-
oxidation on relatively pure grade of paper. Artificial ageing procedures 
under simulated sunlight and UVB light were performed on Whatman No. 42 
filter paper. For thermal ageing experimentation, paper samples were 
thermally aged at 120°C in an oven for different time intervals. The 
degradation level of Whatman paper samples was evaluated by measuring 
the PICL intensity and comparing to colour changes. The chemical changes on 
paper samples were measured using Attenuated Total Reflectance Fourier 
Transform Infrared spectroscopy (ATR-FTIR) before and after oxidation. 
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5.2 Experimental 
5.2.1 Paper 
The material studied was high quality pure cellulose Whatman filter paper 
(No. 42, ashless). 
 
5.2.2 Thermal ageing 
The samples were aged in a Contherm Series 5 oven at 120°C for the 
following times: 24 hrs, 72 hrs 144 hrs, 240 hrs, 318 hrs and 410 hrs. 
 
5.2.3 Light Ageing 
A Hereaus Suntest CPS instrument was used for accelerated weathering. The 
cabinet fitted with a Xenon arc and a combination of dichroic and quartz 
filters and was used as a source of simulated sunlight as shown in Figure 5.1. 
The samples were irradiated for 24 hrs, 72 hrs, 144 hrs, 240 hrs, 318 and 410 
hrs. 
For exposure under UVB radiation, paper samples were mounted on a 
broadband UVB fluorescent tube (Phillips TL20W/12RS, Eindhoven, 
Netherlands), which produces output in the range 280–360 nm, with the 
peak at 306 nm. The samples were irradiated for 24 hrs, 120 hrs, 288 hrs, 388 
hrs, 677 hrs and 994 hrs as shown in Figure 5.2. 
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Figure 5.1: Whatman no. 42 filter paper during simulated sunlight irradiation 
 
 
Figure 5.2: Whatman filter paper mounted on UVB tube for UVB irradiation 
experiments 
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5.2.4 Colour measurements 
A Gretag Macbeth Colour-Eye 7000A spectrophotometer (Munich, Germany) 
was used for colour measurements on the fabric samples using a D65 light 
source and 10° collection angle. The colour difference parameters measured 
were ΔL* (lightness difference: lighter if positive, darker if negative), Δa* 
(red–green difference: redder if positive, greener if negative), Δb* (yellow–
blue difference: yellower if positive, bluer if negative). 
 
5.2.5 Diffuse reflectance 
A Cary 300 UV–visible spectrophotometer fitted with a DRA-CA-30I 
integrating sphere accessory (Labsphere, New Hampshire, USA) was used to 
measure the reflectance spectrum of paper samples between 850 nm and 
250 nm.  
 
5.2.6 Photo-induced chemiluminescence (PICL) emission 
To compare the free radical populations and decay rates following irradiation 
of paper samples, a Lumipol 3 chemiluminescence (CL) instrument (Polymer 
Institute, Slovak Academy of Sciences, Bratislava), modified to allow in situ 
irradiation with selected wavelengths from a medium-pressure mercury arc 
(Lumatec SUV-DC, Lumatech GmbH, Germany) under a controlled 
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atmosphere at constant temperature, was used [28]. The chemiluminescence 
baseline was stabilised by equilibrating each sample in a nitrogen 
atmosphere until a steady baseline was obtained. The sample was then 
exposed with UVA or visible light for two minutes. One minute after 
cessation of irradiation the atmosphere was switched from nitrogen to 
oxygen, resulting in a burst of PICL. The intensities of PICL emission and the 
decay rates were compared in an oxygen atmosphere using a gas flow rate of 
200 cm3/min at a constant temperature of 40°C. 
 
5.2.7 ATR-Fourier Transform Infra-red Spectroscopy 
FTIR spectra were collected with a PerkinElmer® Spectrum™ 100 FT-IR 
spectrometer, fitted with a Universal Attenuated Total Reflectance (ATR) 
(Single reflection Diamond/ZnSe) Accessory. Spectra were recorded over the 
range of 650–4000 cm–1 and each spectrum is the average of 20 scans. Data 
manipulation was carried out using Spectrum™ software Version 6.3.4.0164. 
 
5.3 Results and discussion 
5.3.1 Colorimetry 
Analysis based on variations in CIE L*a*b* coordinates showed colour 
changes occurred following thermal and photo-oxidation. Lab, colour 
difference (ΔE) and Yellowness Index data (YI-D1925) of aged filter paper are 
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shown in Table 5.1. Colour difference value is an indicative of chromatic 
alteration of the paper samples. Colour changes exhibited from irradiated 
paper samples ranges from ΔE 0.26 to ΔE 5.7. The colour differences 
observed are mostly due to variations in L* (lightness) and b* 
(yellower/bluer). However, variation in the a* (redder/greener) coordinate is 
almost insignificant. 
 
The experimental data showed that colour difference data is a function of 
exposure time, as shown in Figure 5.3. As the exposure time increases, a 
higher colour difference value is observed and greater colour differences 
were observed in paper that was aged under simulated sunlight and UVB 
light. This was due to the formation of yellow chromophore after the light 
exposure and determined by the Yellowness Index data of the irradiated 
samples. Exposure of the paper samples to simulated sunlight and UVB light 
initiates photo-chemical reactions and the formation of yellow chromophore 
is more rapid compared to thermal ageing in an oven. During oxidation or 
photo-oxidation, carbonyl groups and carboxylic groups are formed from 
hydroxyl groups on the anhydroglucose units [246]. These complex chemical 
reactions are responsible for the yellowing of cellulose during ageing [246, 
247]. The formation of yellow chromophores was reflected in the b* 
parameter of the L*a*b* colour coordinates. As a consequence, this 
occurrence altered the chromatic appearance of the samples. 
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Figure 5.3: ΔE value vs exposure time for (A) oven ageing, (B) simulated 
sunlight irradiation and (C) UVB irradiation 
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It was observed that exposure of paper samples to both UVB and simulated 
sunlight caused a higher colour change after 24 hours when compared to 
thermal ageing. This result suggested that discoloration of paper samples is 
more rapid by photo-oxidation than thermal degradation. It is interesting to 
note that from the ΔE values, paper was discoloured by the same amount 
after 24 hrs UVB irradiation as by 410 hrs thermal degradation. This 
demonstrates that UVB exposure affects colour change at a significantly 
greater rate than thermal oxidation at 120°C. 
 
Thermal and photo-ageing contribute to the extent of yellowing observed in 
paper samples, as shown in Table 5.1. The yellowing of paper can be 
measured based on the L*a*b* colour coordinates and shown by the 
Yellowness Index (YI). YI is calculated from spectrophotometric data that 
describes the change in colour of a sample from white to yellow. Thermally-
aged paper and samples exposed to UVB exhibit higher YI data as the ageing 
time increases. However, paper samples exposed to simulated sunlight did 
not show this linear trend. It is assumed that bleaching reactions that occur 
during 72 hrs exposure reduce the concentration of the yellow 
chromophores on paper samples. This phenomenon can be observed in the 
L* data as higher values indicated that samples became lighter. This is also 
determined by the decrease in b* value. From these results, it can be 
concluded that paper samples exposed to simulated sunlight did not show a 
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linear trend with ageing time, arising from a reduction in the concentration 
of the yellow chromophores. 
 
The contribution of UV light to the yellowing of cellulose is well known and 
more pronounced at λ<280nm. Andrady and Searle [248] investigated the 
yellowing of newsprint with different wavelength ranges of ultraviolet and 
visible light. The study observed yellowing by ultraviolet light between 
335nm and 385 nm. They found maximum yellowing by near-ultraviolet 
wavelength and photo-bleaching by blue light. Andrady and Torikai [55] 
studied the yellowness index of newsprint paper on exposure to 
monochromatic radiation at several wavelengths in the region of 260nm to 
600nm. They found that the shorter wavelength radiation caused more 
yellowing and that yellowing decreased logarithmically with increasing 
wavelength. The study also reported that no significant yellowing was 
obtained for samples exposed at visible wavelength between 400nm and 
600nm. 
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Name L* a* b* ΔE* YI-D1925 
Unaged paper 92.36 –0.12 –0.3  –0.68 
Oven ageing      
24 hrs 92.15 –0.14 –0.14 0.26 –0.4 
72 hrs 92.7 –0.17 0.16 0.57 0.17 
144 hrs 92.22 –0.25 0.6 0.92 0.99 
240 hrs 91.69 –0.38 1.27 1.73 2.22 
318 hrs 92.43 –0.43 1.98 2.3 3.53 
410 hrs 92.23 –0.51 2.41 2.73 4.31 
Sunlight ageing      
24 hrs 94.59 0.27 1.12 2.68 2.37 
72 hrs 94.8 0.25 1.04 2.81 2.19 
144 hrs 94.9 0.26 1.06 2.65 2.26 
240 hrs 95.15 0.18 1.22 2.65 2.48 
318 hrs 95.26 0.19 1.25 2.71 2.37 
410 hrs 96.33 –0.06 1.35 4.23 2.14 
UVB ageing      
24 hrs 94.56 0.18 1.54 2.88 3.11 
120 hrs 94.64 0.09 1.72 3.05 3.37 
288 hrs 94.55 0.04 3.21 3.41 4.46 
388 hrs 94.31 0.03 2.76 3.63 5.31 
677 hrs 93.67 0.1 3.96 4.46 7.66 
994 hrs 92.93 0.2 5.36 5.7 10.42 
Table 5.1: Lab, colour difference (ΔE) and Yellowness Index data (YI-D1925) 
of aged Whatman filter paper 
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5.3.2 PICL analysis of paper samples 
Accelerated thermal ageing experiments were conducted at 120°C to assess 
the influence of heat on the degradation of the paper samples. Free radical 
populations on aged paper samples were measured using PICL technique. 
The PICL technique, based on the measurement of light emitted from the 
surface of a material, is a promising sensitive technique to study material 
degradation. An increase in CL intensity occurs as a consequence of 
irradiation, heating or oxidation of the sample. The PICL intensity and decay 
rate of thermal oxidation paper samples irradiated with visible and UVA light 
are shown in Figure 5.4. The intensity of CL emitted from the irradiated 
sample can be related to the amount of hydroperoxides and thereby the rate 
of sample degradation. The oxidation mechanism may also be affected by 
structural defects like carbonyl groups, inherently present in cellulose 
structure [249]. Oxidation induced by environmental conditions causes 
carbonyl and carboxyl group formation and has an impact on paper 
permanence and durability [250].  
 
 
5.3.2.1 PICL of thermally aged paper sample 
Higher PICL intensity was observed as the ageing time (time of sample 
remaining in the oven) increases. Samples heated at 120°C up to 72 hrs 
showed a similar CL intensity to an unaged sample. After 144 hrs of ageing, a 
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higher PICL intensity was observed. These results suggested that, after a 
certain induction time, the rate of degradation products responsible for free 
radical generation increase. It was assumed that this is related to the 
yellowing of samples during the thermal ageing process. The YI of paper 
samples significantly increased after 144 hrs of thermal ageing as shown in 
Figure 5.5.  
 
Chromophores responsible for yellowing were formed on the paper samples 
and caused more light absorption. An increase of diffuse reflectance at 450 
nm indicated the formation of hydroxyl radical during the thermal ageing of 
Whatman paper samples. The increases in PICL intensity emissions for 144, 
240, 318 and 410 hrs thermally aged paper samples under visible light 
irradiation indicate the formation of luminescence species. This may due to 
the decomposition of hydro-peroxides, yielding reactive hydroxyl radicals. 
The chemical reactions involved in thermal degradation lead to changes in 
physical and optical property of polymers. These changes appear as paper 
bleaching and yellowing and the formation of yellow chromophores. 
 
Thermal oxidation induces the breakage of chemical bonds in cellulose and 
the formation of carbonyl, carboxyl and hydroperoxide groups [251]. This is 
determined by the spectrophotometric curves in Figure 5.5, which show an 
increase in absorption between 400 – 500 nm. Similar results was observed 
by Malešič et al. [252] where they found an increased in hydroxyl radicals on 
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irradiated cellulose. The effects of light irradiation or thermal ageing are 
manifested as coloration changes in the spectral range 250–550 nm as found 
using diffuse reflectance. 
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Figure 5.4: PICL decay profile of oven-aged Whatman filter paper irradiated 
with visible light (A) and UVA light (B) for 2 minutes at 40°C 
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The diffuse reflectance spectra of Whatman filter paper shown in Figure 5.5 
suggested that the absorption in the near-UV spectral region was more 
pronounced after accelerated oven ageing. Lower reflectance indicates 
higher absorption of light by the samples. Extended periods of thermal 
oxidation resulted in an increase of absorption in the blue–green region 
(450–550 nm) of the spectrum. This indicated the formation of yellow 
chromophores, having a part of the spectrum in the range of blue light 
wavelengths, and led to a substantial increase in yellowing. 
 
 
 
Figure 5.5: Diffuse reflectance UV–Visible spectrophotometry of thermally 
aged Whatman filter paper 
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5.3.2.2 PICL of paper sample aged by sunlight  
Free radical mechanism of photo-induced oxidation of polymers proceeds 
through a chain reaction similar to that proposed by Bolland and Gee for 
thermal degradation of hydrocarbons in the liquid phase [48]. Degradation 
processes involving free radicals have been investigated by using electron 
spin resonance spectroscopy (ESR). Cotton cellulose irradiated with UV light 
formed free radicals at wavelength 360 nm [253] and in the presence of 
oxygen only a trace amount of free radicals were detected [254]. However, 
no radicals were detected using ESR on cellulose when irradiated at 
wavelength 300-340 nm [255].  
 
PICL emissions of Whatman filter paper exposed to simulated sunlight are 
shown in Figure 5.6. All paper samples emitted lower PICL intensity in 
comparison with that of unaged sample. The results indicated lower free 
radical populations in these samples. Similar results were observed under 
UVA irradiation. Whatman paper samples irradiated with UVA light emitted 
lower PICL intensity emissions in comparison with that of the unaged paper 
sample. The results from PICL studies of Whatman paper exposed to 
simulated sunlight do not agree with L*a*b* colour coordinates and YI values 
of the paper samples as shown in Table 5.1. The PICL results suggested that 
free radicals do not contribute to photo-oxidation of cellulose irradiated with 
simulated sunlight, as lower free radicals populations were detected on aged 
samples when compared to unaged sample. Hon et al. [256] found that at 
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ambient temperature, for green wood, a large amount of short-lived free 
radicals was generated by sunlight and formation of free radicals are 
influence by wavelength [255].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 213 
 
 
 
Figure 5.6: PICL decay profiles of sunlight-aged Whatman filter paper 
irradiated with visible light (A) and UVA light (B) for 2 minutes at 40°C 
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The diffuse reflectance spectra of Whatman filter paper that underwent 
simulated sunlight ageing are shown in Figure 5.7. It was observed that the 
yellowing of the samples was minimal and absorption in the near-UV was 
much smaller than for thermal oxidation. Higher light absorption from paper 
samples were observed as the exposure time increases. At longer exposure 
time up to 410 hrs, higher reflectance was obtained in the visible spectrum. 
This clearly showed the occurrence of photo-bleaching. This chemical change 
caused the chromatic alteration of the samples and is determined by the L* 
and YI values in Table 5.1. 
 
 
Figure 5.7: Diffuse reflectance UV–Visible spectrophotometry following 
sunlight irradiation of Whatman filter paper 
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5.3.2.3 PICL of paper samples aged by UVB light 
The effects of ultraviolet radiation on cellulose have been reported in 
numerous studies. Ultraviolet light causes chemical changes on cotton 
cellulose [257, 258], degree of polymerisation [259, 260], tensile strength 
[261, 262] and causes yellowing [263, 264]. Formation of free radicals as 
primary products during irradiation process has been established. In this 
section, Whatman filter paper no. 42 was exposed to UVB light and the 
productions of free radicals were measured.  
 
Figure 5.8 compares the PICL intensity of Whatman filter paper exposed to 
UVB light for various periods up to 994 hrs. Generally, very little difference in 
PICL intensity after exposure to UVB was observed. Under irradiation with 
visible light, higher PICL intensities were observed for samples exposed up to 
388, 677 and 994 hours in comparison with that of unaged sample. However, 
under irradiation of UVA light all samples exhibited similar PICL intensity 
when compared to the unaged sample. It is worth to note that PICL 
intensities of all samples under irradiation with visible light and UVA light, did 
not show much different compared to the unaged sample. This is interesting 
as paper samples exposed to UVB light undergo the higher colour change and 
yellowing when compared to thermal and simulated sunlight exposure. From 
PICL experiments, it can be concluded that the yellow chromophores formed 
during UVB exposure do not oxidise significantly by a free radical route or 
produce PICL. 
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Figure 5.8: PICL decay profiles of UVB aged Whatman filter paper irradiated 
with visible light (A) and UVA light (B) for 2 minutes at 40°C 
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The UV–Vis spectrophotometry curve of ageing treatment on Whatman filter 
paper irradiated under UVB light is shown in Figure 5.9. The spectral 
reflectance curves in the visible range indicated that the whiteness of paper 
samples decreased and became yellower as the ageing time increased. The 
result shows that UV irradiation with λ>300nm is the most consequential 
spectral region to contribute photo-oxidation and photo-yellowing of 
cellulosic fibres. The lower reflectance in blue–green region of the visible 
spectra would be considered predictable for yellow/brown papers. The 
chromophore responsible for light absorption in degraded paper, such as 
carbonyl and carboxyl groups or C=C or N=O bonds, have strong absorption 
bands in the UV range and their tails affect the lower wavelength part of the 
visible region [108]. Spectral reflectance in the ultraviolet region displays an 
increased absorption, which may be attributed to the formation of carbonyl 
groups, as shown in FTIR experiment which will be discussed later in the 
chapter.  
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Figure 5.9: UV–Vis spectrophotometry of Whatman filter paper irradiated 
under UVB light 
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cm–1 can be attributed to asymmetric stretching of CH2 group [108]. C–H 
stretching will change in intensity with any change in the crystalline 
arrangement of the cellulose units. A decrease in the amorphous regions and 
subsequent increase in crystallinity has been postulated as an indication of 
brittleness and loss of tensile strength [265]. The band at 1658 cm–1 is where 
the products of paper ageing appear in the form of C=O groups. Changes in 
the environment of the carbonyl group can either lower or raise its 
absorption frequency [108]. The absorbance at 1300 cm–1 could be 
attributed to the C–O stretching vibration and the bands at 1143 cm–1 and 
1193 cm–1 correspond to C–C stretching. C–O and C–C stretching are the 
characteristic peaks of cellulose-containing samples [266]. 
 
 
 
Figure 5.10: FTIR spectra of unaged Whatman filter paper 
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5.3.3.1 FTIR spectra of thermally aged filter paper 
Thermal oxidation of Whatman no. 42 filter paper occurred at 120°C and the 
corresponding chemical changes were followed using FTIR spectroscopy. The 
FTIR spectrum of paper samples following thermal ageing treatments shows 
the development of thermal ageing products absorbing between 1700 cm–1 
and 1600 cm–1 as shown in Figure 5.11. ATR-FTIR transmission spectra 
showed little change in chemical composition of paper sample. The C=O 
stretching vibration increases in intensity with ageing time and became more 
intense for highly degraded samples. The result is in agreement with 
previous research, which found that the intensity of the carboxylic acid peak 
near 1600 cm–1 increased with ageing [112]. 
 
The formation of yellow products by thermal oxidation can be seen in the 
variation of the UV-visible absorption spectra in Figure 5.5. The absorbance 
occurred in the λ<400nm and the absorbance in the range of 450–550nm can 
be related to the formation of yellow chromophore. The absorption at λ > 
550nm remained very limited. 
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Figure 5.11: FTIR spectra of Whatman filter paper thermally aged at 120°C 
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Figure 5.12: FTIR spectra of Whatman filter paper following exposure under 
sunlight irradiation 
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C=O and OH/OOH functional group is increased in Whatman paper samples 
irradiated with UVB light in comparison with that of the unaged paper 
sample. 
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Figure 5.13: FTIR spectra of Whatman filter paper following exposure under 
UVB radiation 
 
 
Figure 5.14: FTIR spectra of Whatman filter paper following exposure under 
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5.4 Summary 
Chemical and colour changes to Whatman no. 42 filter paper were explored 
by means of PICL, UV-visible spectrophotometry and FTIR spectroscopy. It 
was found that the accelerated ageing processes set up in this study 
modified the structure and the properties of the paper samples. However, 
the degree of degradation depends on the type of ageing treatment carried 
out. Results from this study indicated that thermal ageing at 120°C had 
minimal impact on the degradation and yellowing of Whatman filter paper 
up to 240 hrs. Experimental work showed that exposure to UVB radiation 
was a significant contributor to material degradation, and irradiation with 
simulated sunlight had a much lower impact on degradation for pure 
cellulose paper. The colour difference data showed a systematic trend to 
higher values with increasing irradiation time, as expected. 
 
The use of the PICL technique in determining material degradation can be 
performed quickly and reliably compare to currently available accelerated- 
ageing analytical techniques. The PICL technique is sensitive to detecting the 
free radical populations during degradation of many materials. However, the 
sensitivity of PICL is low for cellulose compared to wool and nylon. A higher 
PICL intensity was observed after samples were heated in an oven over 240  
hrs. After sunlight irradiation and UVB light exposure, most samples emitted 
lower PICL intensity than the unaged sample. Results from PICL studies 
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suggest that free radical oxidation may not be the dominant factor 
contributing to photo-degradation and photo-yellowing of pure cellulose 
paper. 
 
ATR–FTIR spectra showed little change in chemical composition of paper 
samples after thermal and simulated sunlight ageing. The changes in the FTIR 
spectra in the carbonyl range of 1500–1900 cm–1 showed that exposure pure 
cellulose paper to simulated sunlight had little impact on the chemical 
structure of the paper samples. The results demonstrate that extensive 
oxidative degradation of the paper samples, accompanied by the formation 
of carbonyl groups occurs during exposure to UVB light. UVB caused a high 
level of molecular degradation with the formation of carboxyl and/or 
carbonyl groups. The formation of carbonyl bands proved the photo-induced 
oxidation of the surface of the filter paper. Extended exposure with UVB 
resulted in a shift of frequency vibrations from 1650 cm–1 to 1730 cm–1, 
indicating the formation of carboxylic groups. 
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CHAPTER 6. CONCLUSION 
The aim of this study was to examine the factors that contribute to photo-
degradation and free radical oxidation of materials. Photo-induced 
chemiluminescence (PICL) was used as the main analytical technique. Of 
particular interest were free radical reactions on fabrics and dyed fabrics, 
and the performance evaluation of various additives. PICL is a simple method 
for studying the free radical oxidation of synthetic and natural polymeric 
materials by in situ irradiation with UV or visible light in an inert atmosphere 
(nitrogen) at constant temperature, followed by changing the gas to oxygen. 
The use of PICL allows for the rapid analysis of the free radical processes that 
cause material degradation compared to currently available techniques. 
 
Results from this study can be utilised to determine the conditions that 
contribute to material degradation. These have been identified as the light 
source (intensity and wavelength), temperature, oxygen and dye 
chromophores. The results have also identified additives that inhibit or 
promote free radical populations. Application of UV absorbers and 
antioxidants can prevent dye fading and increase the lightfastness of dyes. 
The incorporation of dyes and additives, as either sensitisers or pro-oxidants, 
in polymer films accelerates polymer degradation due to the presence of 
generated free radicals. 
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In Chapter 2, PICL intensities of printed cotton and silk fabrics irradiated with 
UVA and visible light were investigated. PICL emission and decay rates of 
dyed fabrics determined whether the dyes acted as photo-protectors or 
photo-sensitisers. The effectiveness of additives in providing photostability 
on fabrics was also investigated. 
 
The photostability of four commercial reactive dyes printed on cotton and 
silk were evaluated using PICL. The lightfastness evaluation of these printed 
fabrics was carried out using the ISO 105-B04 standard test method. It was 
difficult to establish a relationship between PICL intensity and the 
lightfastness rating of dyes. This was evident in the analysis of the Stork 
Reactive magenta and Stork Reactive black dyes. A high PICL intensity and 
low lightfastness rating were obtained for magenta, but a low PICL intensity 
emissions and low lightfastness rating were obtained for black. These results 
suggested that PICL intensity is not a suitable indicator for dye lightfastness 
of the irradiated printed cotton and silk fabrics. PICL intensity has been found 
to be related to dye class and chromophores. 
 
The application of UV absorbers and antioxidants to inhibit photo-
degradation was evaluated by using colour difference data. It was found that 
Rayosan C (UV absorber) applied to cotton, provided efficient photo-
protection against the damaging effects of light exposure. This treatment 
showed small colour differences after exposure to UVA and UVB light. It was 
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also found that Cibafast W (UV absorber) successfully retarded photo-
degradation on silk fabric. 
 
The most effective antioxidant treatment to inhibit photodegradation of 
cotton after exposure to UVA, UVB and simulated sunlight was found to be 
ascorbic acid. A combination of N-acetyl cysteine/oxalic acid (antioxidants) 
was found to be the most effective antioxidant treatment for silk under the 
same light exposures. Fabrics with lower colour difference data also 
exhibited lower rates of photoyellowing. 
 
In Chapter 3, the synergism of HALS and UV absorbers to provide photo-
protection on polymer films was examined. Polymer films exposed for 
extended periods to light resulted in physical property changes. Application 
of additives in polymers may prevent chemical reactions which are induced 
by the absorption of light. 
 
In this study, ethyl cellulose and methyl cellulose films were doped with 
Tinuvin 292, Tinuvin 123DW (HALS) and Tinuvin 400, Tinuvin 1130 and 
Cibafast W (UV absorbers) at various levels. The PICL intensities of doped 
polymer films irradiated with UVA and visible light were measured and 
compared to undoped sample. It was found that the photostability 
effectiveness of these additives was dependent on several factors. The 
factors identified were the irradiation source, polymer type and the doping 
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levels of additives. Results obtained from this study showed that the 
synergism between HALS and UV absorbers was dependent on the amounts 
levels. Samples doped with higher levels of UV absorbers in combination with 
lower levels of HALS resulted in lower rates of polymer photooxidation. This 
resulted in a reduction of free radical populations. There was also evidence 
of antagonism between HALS and UV absorber when irradiated under visible 
light. 
 
In Chapter 4, the PICL technique was used to assess the ability of xanthene 
dyes, metal ions and Irgacure 2959 to initiate free radical oxidation in 
polymer films. During exposure to light, some dyes can act as photo-
protectors whereas others act as photo-catalysts. The use of these additives 
as photo-catalysts could accelerate the degradation of polymers, which 
would lead to the reduction and subsequent prevention of environmental 
pollution. 
 
In this study, eight transition metal ions (vanadyl sulphate, chromic chloride, 
manganese sulfate, iron (II) sulfate heptahydrate, cobaltous chloride, nickel 
chloride, copper (II) sulfate pentahydrate and zinc sulphate) were doped into 
methyl cellulose polymer films. It was found that samples in the presence of 
copper (II) sulfate irradiated with UVA light led to the formation of 
hydroperoxides and therefore resulted in higher PICL intensity emissions. 
Doping Irgacure 2959 into ethyl cellulose and methyl cellulose polymer films 
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successfully increased the rate of photo-degradation compared to the 
undoped sample. This was evident from higher PICL intensity.  
Higher doping levels of Irgacure 2959 led to higher PICL intensity, which 
indicated rapid photo-degradation. This was observed when samples were 
irradiated in both UVA and visible light. 
 
The photo-catalytic effect of various levels of fluorescein and eosin Y dyes to 
accelerate polymer degradation was also studied. These dyes were doped 
into methyl cellulose polymer films and PICL was used to measure the free 
radical populations obtained from irradiated doped polymers. Very high PICL 
intensity emissions were observed under UVA and visible light irradiation, 
which implies a much higher rate of photo-oxidation in the presence of these 
dyes. The results suggested that photo-sensitisers such as fluorescein and 
eosin Y could be very efficient decomposers of polymers. Their effectiveness 
was dependent on light source, optimum doping levels and polymer type. 
Both dyes were found to be more susceptible to visible light irradiation. 
 
In Chapter 5, various analytical methods were used to characterise paper 
degradation. Three methods were used to assess chemical and aesthetic 
modification of paper during ageing: photo-induced chemiluminescence, 
FTIR spectroscopy and spectrophotometry. Whatman filter paper no. 42 was 
thermally aged in an oven at 120°C and photo-aged by exposure to UVB and 
simulated sunlight at various time intervals. These comparative 
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investigations were used to provide better understanding of paper 
deterioration processes and to develop reliable methods of protection. 
 
The results showed that thermal and photo ageing contributed to physical 
and chemical changes in the paper samples. Paper samples exhibited greater 
chromatic alteration after exposure to UVB and simulated sunlight, 
compared to thermally aged paper. UVB irradiation was found to be a 
significant contributor to paper degradation. As irradiation exposure 
increased, higher colour difference values were observed. 
 
The PICL emissions of paper sample aged under simulated sunlight and UVB 
light exposure were lower than that of unaged paper. This suggests that 
photo-aged paper does not produce high levels of free radical populations. It 
can also be concluded that free radical oxidation was not the main factor 
that contributed to photo-degradation and photoyellowing of pure cellulose 
paper. This was inferred from studies on PICL emission from paper sample 
exposed to UVB light. Paper samples exposed to UVB light exhibited higher 
colour changes and increased yellowing. However, these samples emitted 
lower PICL intensity when compared to unaged sample. ATR–FTIR 
transmission spectra showed that there was little change in the chemical 
composition of thermally aged paper and paper exposed to simulated 
sunlight. Paper exposed to UVB light exhibited extensive photo-degradation 
which resulted in the shift of transmission spectra in the carbonyl range 
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(1900–1500 cm–1). At extended stages of paper degradation, a shift in the IR 
peak from 1650 cm–1 to 1730 cm–1 was observed, indicating the formation of 
carboxyl groups. 
 
Results from this thesis indicate that PICL is a promising rapid evaluation 
technique that can be used to monitor photodegradation of materials by the 
measurement of free radical populations emitted from irradiated samples. 
Results demonstrate the potency of PICL technique for the investigation of 
polymer degradation, particularly in the induction period where most 
analytical techniques are unable to detect any change in the polymer. PICL, 
combined with spectrophotometry, which determines the degree of 
chromatic alteration, may provide new insights into the oxidative 
degradation processes. The PICL technique is an important tool for use in 
conservation, as it detects the early stages of material deterioration and 
therefore enables preservation programs to be put in place. 
 
6.1 Recommendations for future work 
Free radical populations formed during the photooxidation of polymers and 
measured using the PICL technique have been discussed. Based on results 
obtained from studies reported in this thesis, recommendations for future 
work are suggested as follows: 
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6.1.1 The effect of dye and pigment combinations on free 
radical populations  
The effects of additives and dyes on PICL intensity and decay profiles have 
been discussed. Dyes and additives have shown to be able to accelerate or 
inhibit photodegradation of materials by acting as photo-sensitisers 
(increasing the population of free radicals) or photo-protectors (reducing the 
free radical population) after light irradiation. It would be interesting to 
determine the effects of dye and pigment combinations on free radical 
populations. This topic was identified as being important to artists, 
photographers, printers and other users of coloured materials who need to 
be familiar with how lightfast the elements of their works are when these are 
combined. In the case of additives as catalysts to promote free radical 
oxidation, it would be interesting to compare photoinitiator used in this 
study as discussed in Chapter 4, with existing catalyst such as metal 
stearates. It can be used to induce photochemical degradation of PE and PP. 
 
 
6.1.2 PICL as a potential application in conservation 
Effects on the colour changes after absorbing relatively low doses of light on 
art and archival materials in museum collections should also be 
characterised. The rate of colour changes for different pigments and dyes, 
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and the establishment of reliable long-term colour monitoring protocols and 
documentation techniques are important. The high sensitivity to light 
exhibited by several organic dyes found in paintings and textiles has been a 
matter of concern to museum conservators and curators. These materials 
have high susceptibility to colour alterations resulting from exposure to 
display lighting, making the establishment of safe condition for adequate 
exhibition periods a very difficult task. The PICL technique offers the 
possibility to determine the relative numbers of free radicals produced by 
irradiating different dyed and pigmented materials following a brief exposure 
to light. Thus it could become a valuable tool for conservation. 
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